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Over  the  current  year  studies  of  the  3.0  type  composite  have  evolved  a  new 
structure  for  a  much  more  effective  stress  transforming  composite.  The  device  uses 
cavities  in  the  electrode  structure  which  are  simple,  inexpensive  and  robust.  The 
sensitivity  is  higher  than  that  of  the  end  capped  cylinder  for  equivalent  PZT  volume 
and  we  believe  this  will  be  a  most  important  development  for  towed  array 
hydrophones. 

For  agile  transducer  structures,  the  very  high  piezoelectric  coefficients 
induced  by  DC  bias  in  the  lead  magnesium  niobate:lead  titanate  ele>-trostrictors  have 
been  confirmed  using  both  resonance  and  ultra-dilatometer  methods.  In  parallel 
studies  of  aging  in  these  systems  a  rather  complete  understanding  of  the  aging 
process  has  been  obtained  and  methods  for  fabricating  PMN:PT  systems  wuh  no 
aging  developed,  an  essential  need  for  the  agile  transducer. 

The  phenomenology  of  the  PZT  system  has  been  completed  and  published  and 
the  equations  are  now  being  applied  to  studies  of  the  properties  of  PZT  compositions 
at  the  lead  titanate  end  of  the  system.  We  expect  that  the  phenomenology  will  be 
particularly  valuable  for  the  future  evaluation  of  thin  film  PZTs  where  the 
breakdown  field  are  such  that  Hb-Ps  is  a  large  perturbation  to  the  total  energy. 

In  high  strain  actuators  for  surface  modification  and  flow  control 
antiferroelectric:ferroelectnc  systems  have  been  explored  which  yield  strains  up  to 
0.85%.  Effort  is  now  being  dedicated  to  understanding  and  eliminating  fatigue  effects 
in  these  charge  switching  systems. 

In  the  associated  program  a  detailed  modeling  of  the  1:3  type  PZT:polymer 
composite  has  now  been  completed. 
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Thermodynamic  theory  of  PbZr03 

M.  J.  Haun,*’  T.  J.  Harvin,  M.  T.  Lanagan,b)  Z.  Q.  Zhuang,c)  S.  J.  Jang, 
and  L  E.  Cross 

Materials  Research  Laboratory.  The  Pennsylvania  State  University,  University  Park,  Pennsylvania  16802 

(Received  9  September  1988;  accepted  for  publication  7  December  1988) 

A  thermodynamic  theory  is  presented  to  model  the  phase  transitions  and  properties  of  lead 
zirconate.  The  free  energy  A G  is  expressed  as  a  power  series  in  terms  of  the  ferroelectric 
polarization  (Pt  =  Pai  +  Pb( )  and  antiferroelectric  polarization  (p,  =  Pat  -  pbt )  including  all 
possible  terms  up  to  the  sixth  power,  but  only  first-order  cross  coupling  terms  and  couplings  to 
elastic  stress.  Under  the  assumption  that  only  the  lowest-order  coefficients  of  Pt  and  pt  are 
linearly  temperature  dependent  (Curie- Weiss  behavior)  and  all  otiier  constants  are 
temperature  independent,  experimental  data  are  used  to  define  the  constants  and  permit 
calculation  of  ferroelectric  and  antiferroelectric  free  energies  as  a  function  of  temperature.  Use 
of  the  function  to  define  the  averaged  dielectric  permittivity  at  room  temperature  in  the 
antiferroelectric  phase  gives  a  value  of  eR  =  120  in  good  agreement  with  recent  microwave 
measurements.  A  simplified  technique  for  modifying  the  function  to  explore  solid  solution  with 
lead  titanate  is  examined,  and  shown  to  lead  to  excellent  agreement  with  the  known  phase 
diagram. 


I.  INTRODUCTION 

Lead  zirconate  is  an  end  member  of  the  technologically 
important  lead  zirconate-titanate  (PZT)  solid  solution  sys¬ 
tem.1  At  room  temperature,  PbZr03  has  an  antiferroelectric 
orthorhombic  ( A0 )  perovskite  structure  with  an  antipolar 
arrangement  along  the  [110]  direction.  The^  phase  re¬ 
mains  stable  up  to  ^200  "C,  where  a  transition  occurs  to  a 
ferroelectric  rhombohedrai  ( FR  )  phase  with  a  polarization 
along  the  ( 11 1  ]  direction.2  The  FR  phase  is  only  stable  over  a 
narrow  temperature  range  and  transforms  to  a  paraelectric 
cubic  (Pc)  phase  as  232  °C.3 

Lead  zirconate  has  been  recently  studied  as  a  possible 
dielectric  material  for  high-frequency  applications.4,5  In  this 
study  a  dielectric  relaxation  was  found  to  occur  at  micro- 
wave  frequencies.  To  further  the  understanding  of  the  di¬ 
electric  properties  of  lead  zirconate,  a  thermodynamic  theo¬ 
ry  has  been  developed  to  calculate  the  intrinsic  dielectric 
response.  The  development  of  a  thermodynamic  theory  of 
lead  zirconate  was  also  needed  to  complete  the  theory  that 
was  developed  for  the  PZT  solid-solution  system.6"10 

Whatmore  and  Glazer11  used  a  one-dimensional  energy 
function  to  model  the  Pb  ion  displacement  in  lead  zirconate. 
Uchino  et  al.xl  included  stress  terms  in  the  energy  function 
to  determine  the  hydrostatic  electrostrictive  coefficient. 
However,  in  these  papers  not  enough  coefficients  weredeter- 
- - - _ - - I 


mined  to  calculate  the  energies  and  dielectric  properties  of 
the  phases. 

In  this  paper  a  more  complete  thermodynamic  theory  of 
lead  zirconate  will  be  developed  using  a  three-dimensional 
energy  function.  In  the  next  section  the  energy  function  will 
be  presented,  along  with  the  solutions  and  property  relations 
that  can  be  derived  from  this  energy  function.  Values  of  the 
coefficients  will  be  determined  from  experimental  data  in 
Sec.  Ill  and  used  to  calculate  the  theoretical  properties  m 
Sec.  IV.  The  calculated  dielectric  properties  will  be  com¬ 
pared  with  experimental  high-frequency  data.  In  Sec.  V  a 
procedure  will  be  presented  to  calculate  the  energy  of  the 
antiferroelectric  orthorhombic  phase  into  the  PZT  system. 
Finally  a  summary  of  this  paper  will  be  given  m  Sec.  VI. 

II.  PHENOMENOLOGICAL  THERMODYNAMIC  THEORY 

The  following  energy  function  for  lead  zirconate  was 
derived  from  the  two-sublattice  theory  that  was  previously 
developed  to  model  antiferroelectric  materials. 13-16  The  co¬ 
efficients  were  limited  by  the  symmetry  of  the  paraelectnc 
phase  (m3m).  By  assuming  isothermal  conditions,  using  re¬ 
duced  notation,  and  expanding  the  energy  function  in  pov.  - 
ers  of  the  ferroelectric  (Pt )  and  antiferroelectric  ( p , )  polari¬ 
zations,  and  including  couplings  between  these  order 
parameters,  and  between  the  stress  {Xm )  and  the  order  pa¬ 
rameters  the  following  energy  function  resulted: 


=  ~P\  +/>])  +a„(Pl  +P\  +  P*)  +  arJP2lP\  +  P\P',)  +  am(/>?  +  P\  +P$) 

+  +  +/»!)]  +  a,., /»?/»?/»! 

+  <7|(pf  +p\  +p\)  +p*2  +p\)  +crl2(p]p\  +  p\p\  -• p\p\ )  +  <rxxx(p*x  +  p\  +  p\) 

+  <7N2[>I  (/>2  +p\)  +p\(p\  +p\)  +p\(p \  +PJ)]  +  <7\'nP1\p\p\  +PXX(P\P\  +  P\p\  +P)P\) 


Now  at  E  I.  du  Pont  dc  Nemours  &  Co..  Electronics  Dept.,  Experimental  Station.  P  O  Box  30334.  Wilmington.  DE  19880-0334. 

Now  at  Argonne  National  Lab.,  Materials  and  Components  Technology  Div.,  Argonn;.  IL  60439. 
cl  Visiting  Scientist  from  the  Department  of  Inorganic  Materials  Science  and  Engineering.  South  China  Institute  of  Technology,  Guangzhou,  The  People  s 
Republic  of  China. 
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(.Pi  +p\  )  +F\(p\  +Pj)  +  +Pl)]  4-/i14(P|/>2/?,p,  +  /W;Pj  +  P}Pj>lPx) 

-  l/2S„(Jf  4-**  +^5)-512(^2  +  jyr3  +  ^,)  -  1/2Su(A:5  +  X\  +ATJ) 

-GuWf  +^PI  +^3Pj)  -e,2[*.(Pi  +  /*!>  +  *,u»?  +  />!)  +*3(/>>  +pf)] 

~  QniX±P zFi  +  ^P 1P3  +  X^P< \P j)  —  2,x ,  (Xjfi  +  X2P1  +  X% p\ )  ~  ^12  [Xf  (p\  4-  p's ) 

+  Xz(p\  +  P~i )  +  Xi(p\  -b Pi  )  ]  —  ^44(^4  P2P}  -i~  %s  P\  P3  X$ p\  Pi).  ( 1 ) 


The  coefficients  of  this  energy  function  are  defined  in  Table 
L  The  energy  function  includes  all  possible  ferroelectric  and 
antiferroelectric  polarization  terms  up  to  the  sixth-order  and 
the  first-order  coupling  terms. 

The  following  solutions  to  the  energy  function  [Eq. 
( 1 )  ]  are  of  interest  in  the  lead  ziroonate  system: 

Paraelectric  cubic  (Pc): 

P\  —  P 2  ~  Pi  —  P2  ~ Pi  “  0;  (2) 

Ferroelectric  rhombohedral  (FR ): 

P\  =  P\  “  ^3  rO,  pt  =P:  =  P3  =  0;  (3) 

Antiferroelectric  orthohombic  (A0): 

P\  —  Pi  —  P}  —  0,  Pi  =  0,  p\  —  p\  r=0  (4) 

Applying  these  solutions  to  Eq.  ( t )  under  zero  stress 
conditions  results  in  the  following  relations  for  the  energies 
of  each  solution: 


Pc'  0;  (5) 

Fr:  A G  =  3a,Pj  4-  3(a,,  4-  a,2)Pt  4-  (3 a,,,  4-  6c,,, 

+  a,23)Pt:  (6) 

A0:  AG  =  2cr[p\  +  (2c,,  +c,,)z73  -r-  2(cr, , ,  4-<7M,)/>f. 

(7) 


The  spontaneous  ferroelectric  and  antiferroelectric  po¬ 
larizations  (P}  and  py)  in  the  above  equations  can  be  found 
from  the  first  partial  derivative  stability  conditions  {SAG/ 
dPy  and  dAG/dp})  as  shown  below. 


Pr'  — -0-  (3am  +  6a,ij  +  al2J)P5 

dP  3 


A0: 


PAG 

Spy 


4- 2(au  4-a,; 

=  0-  3((7im  +  ali2)p] 


(8) 


4-  (2czu  -rcrl2)(?f  4-  <jrv  (9) 

The  polanzations  can  be  calculated  by  solving  these 
quadratic  equations.  Equations  relate  the  energies 


TABLE  I.  Coefficients  of  the  energy  function 


a  ,a ,  .a  f4  Ferroelectric  dielectric  stiffnesses  at  constant  stress 
(7  ,<7/ .</  4  Antiferroelectnc  dieheme  stiffnesses  at  constant  stress 

v ,  Coupling  between  the  ferroelectric  ard  antiferroelectric 

polarizations 

f  Elastic  compliances  at  constant  polarization 

Q„  Electrostnctive  coupling  between  the  ferroelectric 

polanzation  and  stress 

Zt  Electrostnctive  coupling  between  the  antiferroelectnc 

polarization  and  stress 


f - - - - 

of  each  solution  to  the  coefficients  of  the  energy  function. 
Thus,  by  determining  these  coefficients,  the  energies  of  each 
phase  can  be  calculated. 

The  spontaneous  elastic  strains  xt  =  (  =  3 AG  /3Xt ) 
under  zero  stress  conditions  can  be  denved  from  £q,  ^  1 ,  as 
follows: 

Pc:  X]  =  x2  =  x3  =  x4  =  a5  =  x6  =  0;  ( 20) 

Fr-  x%  =  *2=*3  =  (Qi,  +  lQx2)P\y 

*4  =xs«x6«e44Pf;  (11) 

A  o'*  —  2Zy2p]  *  x2  =  Xy  =  (Zx .  -r  Zi:  )p\ » 

=  ^44p3 »  ^5  =  =  0.  (12) 

Relations  for  the  relative  dielectric  stiffnesses 
X,j(  —  d2AG/3PidPJ)  were  derived  from  Eq.  (1)  for  the 
solutions 

Pc-  Tl!  =  X'22  =T33  =  Y\2  =  XZ2  =  T31  “  0*  (15) 

Tii  =  Xiz  =  Xn  -  2^o [ ^  1  -r  (6a,,  4-  2aK)P] 

4-  (15a, ,,  4-  14a,, 2  4-  a,:3)P  '  ]. 

TTi2  =  r-3  =  ^31  =  +  (4a. 12  -r  a,23)Pt  J; 

(14) 

Ao •  rn  ®  2£0(a,  +  2 fl\2p\  j, 

X22  =  Yh  =  5£0[a,  —  (/z,,  -*-p,;)p;  ], 

V:3  =  ^44PT  (15) 

The  multiplication  by  the  permittivity  of  free  space  e„  in 
these  equations  was  required  to  convert  from  absolute  to 
relative  dielectric  stiffnesses.  Equations  ( 14)  and  ( 15)  can 
be  used  to  calculate  the  relative  dielectric  stiffnesses  for  each 
phase  based  on  the  original  cubic  axes. 

In  the  orthorhombic  state  the  polanzation  can  be  along 
any  of  the  ( 1 10)  directions  of  the  original  cubic  axes.  The 
polarization  of  'he  rhombohedral  state  can  be  along  any  of 
the  ( 1 1 1)  directions.  By  rotating  these  axes  so  that  for  both 
states  me  new  axis  is  along  the  polar  directions,  diagonal¬ 
ized  matnees  will  result.  The  new  dielectnc  stiffness  coeffi¬ 
cients  ( indicated  by  a  prime)  can  be  related  to  the  old  coeffi¬ 
cients  (defined  by  Eqs.  ( 14)  and  ( 15)  ]  with  the  following 
relations: 


Fr  *  I'm  —  Xu  “  X\\  “  Xu  ™  Vn  +  -T12* 

X\z  ~  Xzi  3=5 XU  =  (16) 

Ao:  V11  =  Tn*  Xn  —  Xw  ~  Xzz* 

=T33+^23»  X\i  ^  Xu  —  X)\  “0* 

Tnese  equations  ^ar;  be  used  to  vJculate  :he  diekurn^ 
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stiffnesses  of  the  orthorhombic  and  rhombohedrai  phases 
parailei  and  perpendicular  to  the  polar  axes. 


(24) 


III.  EVALUATION  OF  THE  COEFFICIENTS 

In  this  section,  coefficients  of  the  energy  function  will  be 
determined  from  experimental  data.  All  of  the  coefficients 
were  assumed  to  be  independent  of  temperature,  except  for 
the  ferroelectric  (c^)  and  antiferroelectric  (0\)  dielectric 
stiffness  coefficients  which  were  given  a  linear  temperature 
dependence  based  on  the  Curie-Weiss  law. 

at  =  (r-0)/(2£oO,  (18) 

crx^{T-0A)/{2€oC4).  (19) 

C  is  the  Curie  constant,  e0  is  the  permittivity  of  free  space,  9 
is  the  Curie-Weiss  temperature,  and  CA  and  d4  are  antifer¬ 
roelectric  constants  analogous  to  C  and  9 

By  combining  Eqs.  (13)  and  ( 1 8 ) ,  C  and  9  can  be  deter¬ 
mined  from  a  linear  fit  of  experimental  dielectric  stiffness 
data  in  the  paraelectnc  cubic  state  (the  Cune- Weiss  law). 
The  dielectric  stiffness  is  the  inverse  of  the  dielectric  suscep¬ 
tibility  7],Jf  which  will  be  assumed  to  be  equal  to  the  relative 
dielectric  permittivity  etJ  (actually  etJ  =  77,,  +  1 ).  Values  of 
C and  9  for  leaa  zirconate  were  previously  found  to  be  equal 
to  1.5  x  105  *C  and  1SCTC  by  fiting  the  Cune-Weiss  law  to 
single-crystal  dielectric  data.2,3  These  constants  will  be  used 
to  calculate  the  a{  coefficient  versus  temperature.  A  differ¬ 
ent  procedure  was  used  to  determine  the  antiferroelectric  C4 
and  0A  constants,  as  will  be  described  later  in  this  section. 

The  ferroelectric  rhombohedrai  spontaneous  polariza¬ 
tion  (Px)  can  be  related  to  'he  coefficients  of  the  energy 
function  by  solving  the  quadratic  relation  formed  from  the 
first  partial  derivative  stability  condition  (Eq.  (8)j: 

P]  «(  -i+Hi-9ax£)u2)/0§),  (20) 

where 

S  =  3(a,f  t  al2) 
arid 

$  =  3a,,,  *f  6am  +  al2y  (21) 

At  r  ,  the  transition  temperature  between  the  ferro¬ 
electric  rhombohedrai  and  paraelectric  cubic  phases,  two  re¬ 
lations  must  be  satisfied: 

0  =  3<*ic  +  $P\c  +  S-P*c  (22) 

and 

0  =  oxc  +  2/3£P\c  4-  $P*c>  (23) 

where  a, c  and  P}C  area,  and  Py  at  Tc.  Equation  (22)  was 
derived  from  the  requirement  that  the  AG  ’ s  of  the  cubic  and 
rhombohedrai  phases  ( Eqs.  ( 5 )  and  ( 6 )  j  must  be  equal  at 
Tc.  Equation  ( 23 )  is  the  first  partial  derivative  stability  con¬ 
dition  (Eq.  (8) ),  which  must  be  satisfied  so  that  the  stable 
state  corresponds  to  the  minima  of  the  energy  function. 

When  the  transition  at  Tc  is  first  order,  the  spontaneous 
polarization  in  the  ferroelectric  state  will  develop  discontin- 
uously  at  the  transition,  and  thus  P)C  will  be  nonzero.  In  this 
case  Eq.  ( 18)  can  bt  substituted  into  Eqs.  (22)  ana  (23)  to 
obtain  relations  for  the  f  and  5  coefficients: 


»_  -3(rc-g)  „  3(rc  —  $) 

€0CP)c  ’  5  2e0CP*c 

By  assuming  that  the  £  and  £  coefficients  are  independent  of 
temperature  and  then  substituting  Eqs.  (24)  and  ( 18)  into 
Eq.  (20),  the  following  relation  results  for  the  spontaneous 
polarization  of  the  ferroelectric  rhombohedrai  phase: 

P\=VP% 

where 


1  3(r-0)  yv 

HTC-9)J 


(25) 


Now  if  P}C<Tc>  and  0  can  be  determined,  the  spontaneous 
polarization  of  the  ferroelectric  rhombohedrai  phase  can  be 
calculated  versus  temperature.  Note  that  Py  is  the  compo¬ 
nent  of  the  resultant  spontaneous  polarization  ( Ps )  along 
the  ( 1 1 1 1  direction,  and  thus  Ps  =  3w2Py 

Using  the  value  of  9  given  above,  with  Tc  equal  to 
232  9C,3  a  value  of  P3C  was  found  from  the  best  least-squares 
fit  of  Eq.  (25)  to  experimental  spontaneous  polarization 
data  (from  curve  2  in  Fig.  3  of  Ref.  17),  as  shown  in  the 
insert  of  Fig.  L  The  resulting  PiC  value  is  listed  in  Table  II 
with  the  values  of  the  other  constants  that  were  used  in  the 
calculations.  These  values  were  used  to  calculate  the  ferro¬ 
electric  rhombohedrai  spontaneous  polarization  versus  tem¬ 
perature  down  to  —  273  °C  as  shown  in  Fig.  L  However, 
over  most  of  this  temperature  region  the  rhombohedrai 
phase  is  metastable  to  the  stable  antiferroelectric  ortho¬ 
rhombic  phase. 

A  similar  relation  to  Eq.  (25)  can  be  derived  for  the 
spontaneous  strain  x4  by  substituting  Eq.  ( 25 )  into  Eq,  (11): 


*4  =  ^*40 


where 


*4  c  —  Q**P\c'  (26) 

This  equation  was  used  with  the  values  of  the  constants  listed 
in  Table  II  to  determine  a  value  of.t4C  (x4  at  Tc)  that  gave 
the  best  least-squares  fit  of  experimental  data,  as  shown  in 
the  insert  of  Fig.  2.  The  experimental  data  was  calculated 
from  rhombohedrai  range  aR  data  from  Ref.  1 1  using  the 
relation:  xA  =  (90  -  aR  )/90.  A  value  of  the  eiectrostncuve 


FIG  1  Spontaneous  polarization  as  a  function  of  temperature  calculated 
i*or  the  stable  and  metastable  regions  of  the  ferroelectric  rhombohedrai 
form  Inset  Companson  with  measured  polarization  over  the  stable  range 
of  the  phase. 
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TABLE  II.  Values  of  the  constants  used  in  the  calculations. 


TcCQ 

232.0* 

eco 

190.0* 

CUC^'C) 

1.5* 

P3C(C/ m1) 

0.1428*’ 

&.(  m7C:) 

0.059 

TaFCC) 

220.0= 

r,c o 

226.0 

e,co 

216.5 

10  4) 

2.63 

ZuCA(m“C/C‘) 

683.35 

;.(IO"m/F) 

6.0184 

*  From  Refs.  2  and  3. 
bFrom  Ref.  17. 

c  Average  of  the  heating  and  cooling  DTA  data  from  Ref  2. 


£?44  constant  was  calculated  from  x4C  and  P3C  using  Eq. 
(26)  This  value  is  listed  in  Table  II.  The  ferroelectric  rhom- 
bohedral  spontaneous  strain  *4  was  calculated  versus  tem¬ 
perature  into  the  antiferroelectric  region  as  shown  in  rig.  2 
using  Eq.  (26)  and  the  constants  listed  in  Table  II. 

The  constants  determined  above  will  be  used  to  calcu¬ 
late  the  LG  of  the  ferroelectric  rhombohedral  phase  in  the 
next  section.  The  procedure  used  to  determine  values  of  the 
antiferroelectric  constants,  which  are  needed  to  calculate  the 
LG  of  the  antiferroelectric  orthorhombic  phase,  will  now  be 
presented. 

The  antiferroelectric  measure  of  the  polarization  p~,  for 
the  orthorhombic  solution  can  be  related  to  the  antiferro¬ 
electric  a  coefficients  by  solving  the  quadratic  relation 
formed  from  the  first  partial  derivative  stability  condition 
[Eq.  (9)  j: 

p]  rn  [  -  <5  +  (<52  -  6o-,y),/J)/(3r).  (27) 

where 

5  =  2au+ai: 
and 

y  =  2(crul+au2).  (28) 

The  Neel  temperature  ( TN )  is  the  transition  tempera¬ 
ture  from  an  antiferroelectric  phase  to  a  paraelectric  phase. 
In  lead  zirconate  this  is  a  metastable  phase  transition,  be- 


FIG.  2.  Spontaneous  lattice  strain  x4  as  a  function  of  temperature  calculated 
for  the  stable  and  metastable  regions  of  the  ferroeiccmc  rhombohedral 
form  Inset  Comparison  of  calculated  and  measured  strain  over  the  stable 
region  of  the  phase. 
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cause  it  occurs  in  the  ferroelectric  rhombohedral  stability 
region.  As  in  the  rhombohedral  case  at  Tc,  two  equations 
must  be  satisfied  at  TM: 

0  =  2c j jV  ri-  Spit,  Yp\n*  (29) 

0  —  +  3/2ypIn-  (30) 

axs  and  pys  are  <r,  and  py  at  Ts .  Equation  (29)  was  derived 
from  the  requirement  that  the  A  (7s  of  the  two  phases  (Eqs. 
(5)  and  (7)]  must  be  equal  at  Ts.  Equation  (30)  is  the  first 
partial  derivative  stability  condition  [Eq.  (9)]. 

Substituting  Eq.  (19)  into  Eqs.  (29)  and  (30),andso!v- 
ing  for  the  <5  and  y  coefficients  results  m 

*  -2  (Ts-eA)  Tw-eA 

<5  = - ->  y=-"v-  (31) 

eo  ^aPis 

where pzs  is  p2  at  Ts. 

By  assuming  that  the  <5  and  y  coefficients  are  indepen¬ 
dent  of  temperature,  and  then  substituting  Eqs.  (19)  and 
(31)  into  Eq,  (27)  yields 


Unfortunately,  there  is  not  any  experimental  antiferroelec¬ 
tric  polarization  /?3  data  available,  and  thus  p3V  will  not  be 
determined  in  this  paper.  t 

However,  antiferroelectric  spontaneous  strain  data  can 
be  calculated  from  cell  constant  data  and  used  to  determine 
two  of  the  antiferroelectric  constants.  B>  substituting  Eq. 

(32)  intoEq.  ( 12)  the  following  relation  results  for  the  anti-  J 

ferroelectric  spontaneous  strain  xA. 

x*  = 

where 

*^4,V  “  ^  1  aP 3 .V *  (33) 

xAS  is  xA  at  rv.  Values  of  TS,$A%  and  xAS  are  needed  to 
calculate**  using  Eqs.  (32)  and  (33). 

Spontaneous  strain  x 4  data  were  calculated  from  cell 
constant  data  from  Ref.  1 1  (mieraxial  yP  data  from  Fig.  5  m 
Ref.  11  was  related  to  *4  with  the  relation: 

(90  —  yp)/90].  By  fitting  these  data  with  all  three  con¬ 
stants  ( 7\  £  < ,  and xAS )  as  unknowns  many  combinations  of 
the  values  of  these  constants  gave  similar  fits  of  the  data.  For 
this  reason  the  value  of  one  of  these  constants  had  to  be 
determined  from  additional  data.  Without  additional  data,  it 
was  necessary  to  make  an  assumption. 

rv  must  occur  between  the  antiferroelectric-ferroelec- 
tric  transition  temperature  (7AF)  and  the  ferroeiectnc- 
paraelectric  transition  temperature  (7C).  7\F  occurs  at 
—  220  °C  (average  of  the  heating  and  cooling  DTA  data  in 
Ref.  2),  and  Tc  at  -232  *C.  Thus  since  7\  must  occur  be¬ 
tween  220  and  232  *C,  it  was  assumed  to  be  equal  to  226  *C. 
the  average  of  the  two  extremes.  This  was  a  good  assump¬ 
tion,  because  the  constants  were  not  significantly  affected 
even  if  7V  was  varied  a  few  degrees.  With  Fv  fixed  at  22b  C 
values  of  0A  and  xA#  were  found  that  gave  the  best  least- 
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p\  =  *p\n> 
where 


3 


1+1- 


3(r-g,) 

MT„-eA) 


(32) 


squares  fit  of  the  x4  data  as  shown  in  Fig.  3.  These  values  are 
listed  in  Table  II. 

Substituting  Eqs.  (19),  (28),  (3H,  (32),  and  (33)  into 
Eq.  (7)  results  in  the  following  relation  for  the  AC?  of  the 
antiferroelectric  orthorhombic  phase: 

AG  =  Vx4jV/ (f^Z^C A ) 

X[r-  TA  -2^(7V  -  T4)(  1  -  1/2V)]. 

(34) 

All  of  the  constants  needed  to  calculate  the  AG  of  the  antifer¬ 
roelectric  orthorhombic  phase  using  this  equation  have  been 
determined,  except  for  the  Z44  and  CA  constants.  At  this 
point  there  is  not  enough  experimental  data  available  to  de¬ 
termine  values  of  both  of  these  constants.  However,  the 
product  of  these  constants  can  be  determined  by  equating 
the  AGs  of  the  A0  and  FR  phases  at  the  transition  between 
these  phases: 

At  TAF:  AG^=AG,o.  (35) 

Tne  rhombohedral  AG  at  7*  can  be  calculated  from  Eqs. 
(6),  ( 19),  (21),  (24),  and  (25)  using  the  constants  listed  in 
Table  II.  This  value  can  then  be  used  with  Eqs.  (34)  and 
(35)  and  the  constants  from  Table  II  to  calculate  a  value  of 
the  Z4 4  CA  product.  This  value  is  listed  in  Table  II.  By  as¬ 
suming  that  Z44  CA  is  independent  of  temperature,  all  of  the 
constants  necessary  to  calculate  the  AG  of  the  antiferroelec¬ 
tric  orthorhombic  phase  versus  temperature  have  been  de¬ 
termined.  Calculations  of  the  AG’s  of  the  ferroelectric  and 
antiferroelectric  phases  will  be  presented  in  the  next  section. 

All  of  the  a  coefficients  must  be  determined  to  calculate 
the  dielectric  stiffness  %tJ  coefficients  of  the  ferroelectric 
rhombohedral  phase  (see  Eq.  (14)].  The  constants  deter¬ 
mined  earlier  in  this  section  can  be  used  in  Eq.  (24)  to 
calculate  the  £[  s3(a,, +a,2)]  and 
$(  =  3a, n  -r  6aU2  -r  <z,23)  coefficients,  which  can  be  used 
to  calculate  the  spontaneous  polarization,  strain,  and  AG  of 
the  Fr  phase.  At  this  time  there  are  not  enough  lead  zirccn- 
ate  data  present  to  determine  values  of  an,  a12,  <zni> 
and  a,23.  However,  these  coefficients  were  determined  in  the 
PZT  system,  and  extrapolated  to  lead  zirconate.6"10 

To  calculate  the  dielectric  stiffness  x,,  coefficients  of  the 
antiferroelectric  orthorhombic  phase,  the  antiferroelec- 
tnc-ferroelectric  coupling  coefficients  must  be  determined. 
Unfortunately  the  data  necessary  to  determine  these  coeffi- 


FIG.  3.  Antiferroelectric  orthorhombic  strain  as  a  function  of  tempera¬ 
ture:  Comparison  of  calculated  and  measured  values. 


cients  has  not  been  measured.  One  goal  of  this  project  was  to 
compare  calculations  from  this  theory  with  polycrystalline 
high-frequency  dielectric  data.  To  accomplish  this  a  proce¬ 
dure  was  used  to  combine  the  unknown  constants  in  the 
dielectric  relations  into  one  constant  that  could  be  deter¬ 
mined  from  low-temperature  polycrystalline  dielectric  data. 
This  procedure  will  be  described  below. 

By  combining  Eqs.  (15)  and  (17)  dielectric  stiffness 
relations  based  on  the  normal  orthorhombic  axes  result 

X'n  =2e0(al+2fil2pl), 

Xn  =  2^o («!  +  (^u  +f*  12  -  l/2£f«)/>3  ]. 

X'h  =  2eb(ai  +  (/in  +/*t2  +  1/2^44)^  ]•  (36) 

These  single-crystal  coefficients  were  related  to  the  poly¬ 
crystalline  dielectric  stiffness  x  (a  bold-faced  symbol  will  be 
used  to  refer  to  polycrystalline  constants)  using  the  follow¬ 
ing  parallel  averaging  relation: 

By  substituting  Eq.  (36)  into  Eq.  (37)  the  following  relation 
results: 

X  =  2e0[a,  -r  2/3(/zu  +  2/ilz)p\  ].  (38) 

Not  enough  experimental  data  were  available  to  determine 
the  constants  necessary  to  calculate  py  However,  the  con¬ 
stants  needed  to  calculate  the  antiferroelectric  spontaneous 
strain  were  determined.  By  substituting  Eq.  1 12)  into  Eq. 
(38)  pi  can  be  replaced  by  jc4 

1/€^x  =  2^o(«i  +Aa:4), 
where 

k  =  2 (fiu  -r  2/il2)/(3Z44).  (39) 

Since  a,  and  can  be  determined  from  Eqs.  (18)  and  (33) 
using  the  constants  listed  in  Table  II,  the  new  constant  k  can 
be  calculated  from  an  experimental  polycrystalline  dielectric 
constant  (e)  measurement  (€zr  1/x). 

To  provide  experimental  data  for  evaluation  of  the  con¬ 
stant  A,  the  dielectric  constant  was  measured  at  1  kHz  from 
—  268.8  °C  to  room  temperature  on  polycrystalline  lead  zir- 
conate.  The  procedure  used  to  fabricate  the  lead  z*rconate 
samples  was  described  in  Refs.  4  and  5.  The  low-temperature 
measurement  apparatus  and  technique  that  was  used  was 
described  in  Ref.  18.  At  low  temperatures  (  -  268.8  *C)  the 
extrinsic  contributions  to  the  polycrystalline  dielectric  prop¬ 
erties,  such  as  domain  wall  motion  or  thermally  activated 
defect  motions,  were  assumed  to  “freeze  out.”  The  remain¬ 
ing  dielectric  properties  would  then  represent  the  intrinsic 
contribution,  or  averaging  of  the  single-domain  properties. 

A  dielectric  constant  of  95  was  measured  at  —  268.8  °C, 
and  used  to  calculate  the  value  of  the  k  constant  listed  in 
Table  II.  By  assuming  that  this  constant  is  independent  of 
temperature  the  intrinsic  polycrystalline  dielectric  constant 
could  be  calculated  versus  temperature  using  Eq.  (39)  and 
the  constants  listed  in  Table  II.  These  calculations  will  be 
compared  with  experimental  high-frequency  dielectric  mea¬ 
surements  in  the  next  section. 
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IV.  THEORETICAL  CALCULATIONS 

In  this  section  theoretical  calculations  will  be  made  us¬ 
ing  the  equations  from  Sec.  II,  and  the  constants  that  were 
determined  in  Sec.  III.  Figure  4  shows  the  energies  AG  of  the 
antiferroelectric  orthorhombic  and  ferroelectric  high-tem¬ 
perature  rhombohedral  phases  plotted  versus  temperature 
for  lead  zirconate.  Above  Tc  (232  °C)  the  energy  of  the  fer¬ 
roelectric  rhombohedral  phase  is  positive,  and  thus  the  cubic 
state  with  the  reference  energy  set  to  zero  is  stable.  At  Tc  the 
energy  of  the  FR  phase  decreases  to  zero,  and  then  becomes 
negative  below  Tc  causing  the  rhombohedral  phase  to  be¬ 
come  stable.  At  TlS  the  energy  of  the  antiferroelectric  ortho¬ 
rhombic  phase  is  zero,  and  a  metastable  transition  occurs 
from  the  cubic  phase.  As  the  temperature  decreases,  the  larg¬ 
er  temperature  dependence  of  the  AG  of  the  A0  phase  com¬ 
pared  to  the  Fr  phase  causes  the  energies  of  these  phases  to 
become  equal  at  the  transition  TaF.  Below  rAF  th  qA0  phase 
becomes  stable,  and  remains  stable  down  to  —  273  °C. 

The  polycrystalline  dielectric  constant  ( e )  of  the  anti¬ 
ferroelectric  orthorhombic  phase  was  calculated  from  Eq. 
(39)  using  the  constants  listed  in  Table  II,  and  plotted  in 
Fig.  5  versus  temperature  up  to  rAF  .  The  dielectric  constant 
of  the  paraelectric  cubic  phase  was  also  calculated  using  Eq. 
(13),  and  plotted  in  this  figure  above  Tc .  The  ferroelectric 
rhombohedral  dielectric  properties  were  not  investigated  in 
this  paper,  but  could  be  calculated  from  the  values  of  the 
coefficients  that  were  recently  determined  in  Refs.  6-10. 

The  experimental  data,  measured  at  1  kHz  from 
-  268.8  °C  to  room  temperature,  are  plotted  in  the  insert  in 
Fig.  5.  The  data  point  at  —  268.8  °C  was  used  to  calculate 
the  A  constant,  as  described  in  Sec.  III.  By  assuming  that  the 
theory  is  predicting  the  intrinsic  response  of  the  material,  the 
difference  that  develops  between  the  theoretical  calculations 
and  expenmental  data  as  the  temperature  is  increased  is  due 
to  the  thermally  activated  (extrinsic)  contributions  to  the 
polycrystalline  dielectric  constant.  At  room  temperature  the 
theoretical  dielectric  constant  has  a  value  ^f  120,  compared 
to  the  experimental  value  of  167  This  indicates  that  72%  of 
the  experimentally  measured  polycrystalline  dielectric  con¬ 
stant  is  due  to  the  intrinsic  averaging  of  the  single-domain 
constants,  while  28%  is  from  extrinsic  contributions. 

Lanagan  et  a/.4,3  measured  the  dielectric  constant  of 
polycrystalline  lead  zirconate  from  100  Hz  to  26  GHz.  Their 


FIG  4  Calculated  free  energy  AC  for  fcrroelectic  and  antiferroeleunc 
porms  Inset  Expanded  scale  to  permit  identification  of  the^0  io  FR  and  FR 
to  paraelectric  transitions. 


FIG.  5  Calculated  dielectric  permittivity  in  the  antiferroelectric  ortho¬ 
rhombic  phase  averaged  for  a  polycrystaJlme  sample.  Inset:  Comparison 
with  low-frequency  ( 1  kHz)  data. 

data  are  plotted  versus  the  log  of  the  frequency  m  Fig.  6.  As 
can  be  seen  by  these  data  a  relaxation  occurred  at  microwave 
frequencies.  Above  this  relaxation  the  dielectric  constant 
agrees  remarkably  well  with  the  calculation  from  the  theory 
presented  in  this  paper,  indicating  that  the  extrinsic  contri¬ 
butions  to  the  dielectric  properties  have  “relaxed  out”  above 
s  10  GHz. 

The  data  in  Figs.  5  and  6  indicate  that  the  extrinsic  con¬ 
tributions  to  the  polycrystalline  dielectric  constant  of  lead 
zirconate  will  “freeze  out”  at  low  temperatures  and  “relax 
out”  at  high  frequencies,  and  that  the  remaining  intrinsic 
contributions  can  be  thermodynamically  modeled.  The  the¬ 
ory  provides  a  method  of  connecting  the  low-temperature 
data  to  the  high-frequency  data.  It  would  now  be  useful  to 
measure  the  high-frequency  dielectric  properties  down  to 
low  temperatures. 

The  dielectric  constant  at  10  GHz  was  measured  as  a 
function  of  temperature  as  shown  in  Fig.  7.  The  1-kHz  data 
from  Fig.  5  are  also  plotted  in  this  figure  along  with  the 
theoretical  calculations.  Unfortunately  at  this  time  the  10- 
GHz  data  was  only  measured  down  to  —  100  *C,  and  thus  it 
is  still  not  clear  how  the  data  would  compare  at  lower  tem¬ 
peratures.  There  is  a  slight  difference  between  the  tempera¬ 
ture  dependencies  of  the  10-GHz  data  and  the  theoretical 
calculations.  This  may  indicate  that  at  10  GHz  all  of  the 
extrinsic  contributions  had  not  completely  “relaxed  out,”  or 
that  the  actual  temperature  dependence  was  not  completely 


FIG.  o  Meaiured  microwave  relaxation  m  the  dielectric  permittivity  ot 
lead  ztKunaie  *  Rei.  5  >  compared  to  the  tabulated  room-temperature  »atuc 
for  the  anuferroelectnc  polycrystal. 
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FIG.  7.  Comparison  of  calculated  permittivity  as  a  function  of  temperature 
with  measured  values  at  low  and  at  microwave  frequencies. 

accounted  for  in  the  theory  (most  of  the  .oefficients  of  the 
energy  function  were  assumed  to  be  independent  of  tempera¬ 
ture)  In  addition  there  is  some  experimental  error  in  the 
measurements.  The  calibration  for  these  measurements  was 
only  made  at  room  temperature,  and  thus  an  error  of 
4-  10%  has  been  estimated  for  the  10-GHz  data. 

V.  EXTENSION  OF  THE  THEORY  INTO  THE  PZT 
SYSTEM 

In  this  section  a  procedure  will  be  presented  that  can  be 
used  to  calculate  the  compositional  dependence  of  the  AG  of 
the  antiferroelectric  orthorhombic  phase  into  the  PZT  sys¬ 
tem.  This  procedure  was  needed  to  complete  the  develop¬ 
ment  of  a  thermodynamic  theory  to  model  all  of  the  phase 
transitions  of  the  PZT  system.6-10 

The  AG  of  the  antiferroelectric  orthorhombic  phase  for 
lead  ziconate  was  calculated  in  Sec.  IV  ustng  Eq.  (34).  The 
constants  needed  for  these  calculations  were  determined 
from  the  available  experimental  data,  as  described  in  Sec. 
III.  Unfortunately,  similar  experimental  data  are  not  avail¬ 
able  for  PZT  compositions  in  the  antiferroelectric  region, 
and  thus  the  compositional  dependence  of  each  of  the  con¬ 
stants  necessary  to  calculate  the  AG  of  the  A0  phase  could 
not  be  determined.  However,  the  following  method  was  used 
to  calculate  the  AG  of  the  A0  phase  into  the  PZT  system 
from  the  compositional  dependence  of  a  single  constant, 
which  was  determined  by  equating  the  AG’s  of  the  A0  and 
Fr  phases  at  the  transition  between  these  phases. 

The  AG  of  the  antiferroelectric  orthorhombic  phase  was 
determined  from  the  following  relation  by  multiplying  the 
AG  of  lead  zirconate  (PZ)  by  a  factor  E: 

AG<o  =  5AG4olP2).  (40) 

The  compositional  dependence  of  E  was  then  determined  by 
combining  this  relation  with  Eq.  (35). 

E  =  AGf<(at  rAF)/AG<0(P2).  (41) 

To  calculate  E  using  this  equation,  AG  of  the  FR  phase 
( high-temperature  rhombohedral  phase  in  PZT)  at  7\F  was 
calculated  from  the  PZT  theory  developed  in  Refs.  6-10. 
The  antiferroelectric-ferroelectric  transition  temperature 

was  determined  by  fitting  the  following  polynomial 
equation  to  the  experimental  phase  diagram:1 

7af  =  220.84  -  706.15*  -  26778.0*2,  (42) 

where  *  is  the  mole  fraction  PbTi03  in  PZT. 


AG  of  the  A0  phase  for  lead  zirconate  was  calculated 
from  the  equations  and  data  presented  in  this  paper,  except 
that  the  value  of  the  Curie  constant  was  changed.  The  com¬ 
positional  dependence  of  the  Curie  constant  that  was  used  in 
the  PZT  theory3  resulted  in  a  value  of  2.0  X  105  °C,  instead  of 
the  value  of  1.5  X  105  °C  that  was  used  in  the  previous  calcu¬ 
lations  in  this  paper.  To  be  consistent  with  the  PZT  calcula¬ 
tions  the  value  of  the  Curie  constant  was  changed,  which 
also  caused  the  value  of  the  CA  constant  to  change  to 
889.27  m4  9C/C2,  instead  of  the  value  listed  in  Table  II. 

Using  the  calculations  described  above  in  Eq.  (41 ),  the 
E  constant  was  calculated  versus  composition,  as  plotted  in 
Fig.  8.  By  then  assuming  the  E  constant  to  be  independent  of 
temperature,  the  AG  of  the  antiferroelectric  phase  was  calcu¬ 
lated  versus  composition  into  the  PZT  system,  as  shown  m 
Ref.  10.  This  method  resulted  in  excellent  agreement  be¬ 
tween  the  experimental  and  theoretical  phase  diagrams.10 

IV.  SUMMARY 

A  two-sublattice  theory  was  used  to  denve  an  energy 
function  to  account  for  the  ferroelectic  and  antiferroelectric 
behavior  of  lead  zirconate.  Solutions  and  property  relations 
were  derived  from  this  energy  function  corresponding  to  the 
stable  solid  phases  of  lead  zirconate.  The  coefficients  neces¬ 
sary  to  calculate  the  ferroelectric  rhombohedral  AG,  and 
spontaneous  polarization  and  strain;  and  antiferroelectric 
AG  and  spontaneous  strain  were  determined  from  the  avail¬ 
able  experimental  data  in  the  literature. 

Additional  data  were  needed  to  model  the  intrinsic 
polycrystailine  dielectric  properties  of  lead  zirconate.  To 
provide  these  data  the  dielectric  properties  were  measured 
down  to  low  temperatures  (  —  268.8  °C),  where  extrinsic 
contributions  to  the  properties  “freeze  out.’*  These  data  were 
then  used  to  determine  the  value  of  a  combination  of  con¬ 
stants.  which  could  be  used  to  calculate  the  intrinsic  poly¬ 
crystailine  dielectric  constant  versus  temperature.  The  cal¬ 
culations  indicate  that  at  room  temperature  72%  of  the 
experimentally  measured  polycrystailine  dielectric  constant 
( measured  at  l  kHz)  is  due  to  the  intrinsic  averaging  of  the 
single-domain  constants,  while  28%  is  from  extnnsic  contri¬ 
butions.  The  calculations  were  found  to  be  m  good  agree¬ 
ment  with  experimental  data  at  high  frequencies  (  >  10 
GHz),  indicating  that  the  extnnsic  contnbutions  had  “re¬ 
laxed  out.” 


FIG  3  Values  of  H(  =  A (7^  ( At  7\F  )/&G4oi?Zi  ]  required  to  fit  calcu¬ 
lated  and  measured  phase  diagrams.  E  is  assumed  to  be  independent  of  tem¬ 
perature. 
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the  antiferroeiectric  orthorhombic  phase  into  the  PZT  sys¬ 
tem.  This  method  was  used  to  complete  the  development  of  a 
thermodynamic  theory,  which  quantitatively  accounts  for 
all  of  the  known  phase  transitions  in  the  PZT  system.6-10 

Additional  data  are  still  needed  to  determine  values  of 
the  coefficients  of  the  energy  function  that  were  not  deter¬ 
mined  in  this  paper.  The  effects  of  the  application  of  electric 
field19  or  mechanical  stress20  may  provide  some  of  these 
data. 
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Compositions  within  the  lead  zirconate-titanate  I PZT)  solid  solution  system  have  been  extensively  used 
m  polycrystalline  ceramic  form  in  a  wide  range  of  piezoelectric  transducer  applications.  However,  the 
growth  oi  good  quality  PZT  single  crystals  for  compositions  across  the  entire  phase  diagram  has  not 
been  accomplished.  Due  to  the  lack  of  single-crystal  data,  an  understanding  of  the  properties  ot  po- 
lycrvstailine  PZT  has  been  limited.  If  the  single  domain  (intrinsic)  properties  of  PZT  could  be  deter¬ 
mined.  then  the  extrinsic  contributions  (e.g.  domain  wall  and  defect  motions)  to  the  polycrystalline 
properties  could  be  separated  from  the  intrinsic  contributions.  The  purpose  of  this  research  has  been 
to  develop  a  thermodynamic  phenomenological  theory  to  model  the  phase  transitions  and  single-domain 
properties  of  the  PZT  system. 

This  paper  is  the  first  of  a  series  of  five  papers  describing  the  thermodynamic  theory  ot  PZT  that 
has  been  developed  for  the  entire  solid  solution  system.  In  this  paper  the  previous  work  that  led  to  the 
present  theory  will  first  be  reviewed,  tollowed  by  the  presentation  ot  the  energy  tunction  tor  PZT  and 
the  solutions  and  property  relations  that  can  be  derived  from  this  energy  function 


I.  INTRODUCTION 

The  lead  zirconate-titanate  (PZT)  phase  diagram1  is  shown  in  Figure  1.  A  cubic 
paraelectric  phase  (Pc)  occurs  at  high  temperatures  and  has  the  perovskite  crystal 
structure  AB03.  On  the  lead  titanate  (PbTi03)  side  of  the  phase  diagram,  a  fer¬ 
roelectric  tetragonal  phase  ( Fr )  exists  with  a  spontaneous  polarization  along  the 
pseudocubic  [001]  direction.  A  morphotropic  boundary  separates  the  tetragonal 
phase  from  a  ferroelectric  high-temperature  rhombohedral  phase  (FRlHT)). 

Another  ferroelectric  to  ferroelectric  phase  transition  occurs  between  the  high- 
temperature  rhombohedral  phase  and  a  low-temperature  rhombohedral  phase 
(Frild)-  Both  of  these  rhombohedral  phases  have  a  spontaneous  polarization  that 
occurs  along  the  [111]  direction.  The  low-temperature  rhombohedral  phase  has  a 
tilting  or  rotation  of  the  oxygen  octahedra  about  the  [111]  axis,  which  does  not 
occur  in  the  high-temperature  phase. 

On  the  lead  zirconate  side  of  the  phase  diagram  antiferroelectric  tetragonal  {A  r) 
and  orthorhombic  ( A0 )  phases  are  present.  These  antiferroelectric  phases  are  com¬ 
posed  of  two  sublattices  with  equal  and  opposite  polarization,  resulting  in  zero  net 
polarization. 

More  recent  data2  have  shown  that  the  AT  phase  does  not  occur  in  pure  lead 
zirconate.  but  will  occur  with  small  dopants  or  impurities  such  as  strontium.  These 
data  have  also  shown  that  the  high-temperature  rhombohedral  phase  extends  over 
to  lead  zirconate.  The  theory  described  in  this  paper  will  be  developed  to  model 
the  phase  diagram  according  to  these  recent  data. 
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FIGURE  l  The  PbZrO,-PbTiO,  Phase  Diagram.1 


PZT  compositions  have  important  technological  applications  as  piezoelectric 
transducers,  pyroelectric  detectors,  electro-optic  devices,  and  explosively  induced 
charge  storage  devices.  The  main  application  of  PZT  has  been  as  piezoelectric 
transducers  with  compositions  near  the  tetragonal-rhombohedral  morphotropic 
boundary.  These  applications  include  phonograph  pickups,  buzzers,  relays,  accel¬ 
erometers,  igniters,  micropositioners,  hydrophones,  sonar,  wave  filters,  earphones, 
delay  line  welders,  cutters,  and  high  voltage  sources.1  Recently  piezoelectric  motors 
have  even  been  made.3,4 

Lead  titanate  has  become  important  for  possible  application  in  hydrophones  and 
medical  ultrasonic  imaging,  because  of  the  large  electromechanical  anisotropy  that 
can  be  obtained  in  lead  titanate  polycrystalline  ceramics.5  The  theory  developed 
in  this  paper  has  been  used  to  explain  this  large  anisotropy,  which  occurs  in  lead 
titanate  in  polycrystalline  form,  but  not  in  single-crystal  form.6 

PZT  compositions  with  the  high  to  low  temperature  rhombohedral  phase  tran¬ 
sition  have  been  used  as  pyroelectric  detectors."’  When  cooling  through  this  tran¬ 
sition.  the  polarization  increases  suddenly  due  to  a  contribution  from  the  tilting  of 
the  oxygen  octahedra  in  the  low-temperature  phase.  This  results  in  a  large  pyro¬ 
electric  coefficient.  The  dielectric  constant  is  relatively  low.  and  only  has  a  very 
slight  change  when  going  through  this  transition.  A  large  pyroelectric  coefficient 
p  ( =dPs/dT )  and  small  dielectric  constant  K  result  in  a  large  pyroelectric  figure 
of  merit  ( =plKv z). 

PZT  is  also  an  important  material  for  electrooptic  applications,  when  doped  with 
lanthanum  to  form  PLZT.  According  to  Haertling  and  Land,3  PLZT  has  advantages 
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in  electrooptic  applications  because  of  "l)  high  transparency  essentially  independ¬ 
ent  of  grain  size,  2)  ease  of  fabrication,  and  3)  electrically  variable  optical  retar¬ 
dation.  including  electrooptic  memory  and  linear  or  quadratic  modulation  capa¬ 
bilities.” 

Explosively  induced  charge  storage  devices  have  also  been  fabricated  from  PZT 
compositions  utilizing  the  ferroelectric  to  antiferroelectric  transition.  In  these  ap¬ 
plications  •>  stress  is  applied  to  a  poled  ceramic  sample  with  the  ferroelectric  struc¬ 
ture,  causing  it  to  transform  to  the  antiferroelectric  state  and  to  suddenly  release 
the  stored  charge. 

The  applications  described  above  show  that  PZT  is  an  important  material.  These 
applications  use  PZT  in  polvcrystalline  ceramic  form.  The  growth  of  good  quality 
PZT  single  crystals  for  compositions  across  the  entire  phase  diagram  has  not  been 
accomplished.9  Due  to  the  lack  of  single-crystal  data,  an  understanding  of  the 
properties  of  ceramic  PZT  has  been  limited.  If  the  single-domain  properties  of 
PZT  could  be  determined,  then  these  intrinsic  contributions  to  the  ceramic  prop¬ 
erties  could  be  separated  from  the  extrinsic  contributions  (e.g.  domain  wall  and 
defect  motions).  The  purpose  of  this  research  has  been  to  develop  a  thermodynamic 
phenomenological  theory  to  predict  the  phase  transitions  and  single-domain  prop¬ 
erties  of  the  PZT  system.  This  theory  could  then  be  used  to  further  the  under¬ 
standing  of  the  properties  of  polycrystalline  materials. 

This  paper  is  the  first  of  a  series  of  five  papers  covering  the  details  of  the 
thermodynamic  theory  of  PZT  that  has  been  developed  for  the  entire  solid  solution 
system.  In  this  paper  the  previous  work  that  led  to  the  present  theory  will  first  be 
reviewed,  followed  by  the  presentation  of  the  energy  function  for  PZT.  and  the 
solutions  and  property  relations  that  can  be  derived  from  this  energy  function.  In 
the  next  three  papers10  - 12  the  coefficients  of  the  energy  function  will  be  determined 
from  experimental  data.  Finally  in  the  last  paper  of  the  series1-  theoretical  calcu¬ 
lations  of  the  PZT  single-domain  properties  will  be  presented,  along  with  a  dis¬ 
cussion  of  the  applications  of  the  theory. 


II.  DEVELOPMENT  OF  A  THERMODYNAMIC  THEORY  OF  PZT 

The  Landau-Ginsburg-Devonshire  type  phenomenological  theory  was  used  to  ex¬ 
plain  the  transitions  and  properties  at  the  tetragonal-rhombohedral  morphotropic 
phase  boundary  in  the  PZT  system.14-21  However,  due  to  the  lack  of  single-crystal 
data  the  coefficients  of  the  energy  function  could  not  be  adequately  determined. 

Over  the  past  several  years  at  the  Materials  Research  Laboratory  of  the  Penn¬ 
sylvania  State  University,  the  coefficients  of  an  energy  function  for  the  PZT  system 
have  been  determined  using  indirect  methods.  The  development  of  this  theory 
occurred  in  a  series  of  steps,  where  different  parts  of  the  phase  diagram  were 
modeled  separately.  This  development  will  be  described  below. 

Amin22  developed  a  modified  Devonshire  form  of  the  elastic  Gibbs  fiee  energy 
function  for  the  simple  proper  ferroelectric  phases  of  the  PZT  system.  The  spon¬ 
taneous  strain  in  the  ferroelectric  phases  was  determined  using  high-temperature 
x-ray  diffraction,  and  used  to  calculate  the  spontaneous  polarization  through  the 
electrostrictive  constants.  These  data  were  used  to  determine  the  higher  order 
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dielectric  stiffness  coefficients  (an  and  aiu).  The  morphotropic  boundary  between 
the  tetragonal  and  rhombohedral  phases  was  then  used  to  determine  the  remaining 
higher-order  dielectric  stiffness  coefficients  (a!2.  all2,  and  al23).  and  allowed  for 
the  first  time  the  calculation  of  the  dielectric,  piezoelectric,  elastic,  and  thermal 
properties  of  the  ferroelectric  single-domain  states.  This  theory  was  developed  for 
the  region  of  the  PZT  system  from  lead  titanate  over  to  the  morphotropic  boundary 
between  the  tetragonal  and  rhombohedral  phases,  and  could  be  extrapolated  into 
the  high-temperature  rhombohedral  phase  field. 

In  this  initial  theory  the  Curie  constant  was  assumed  to  be  independent  of  com¬ 
position.  Amin  et  air 3  later  found  from  a  combination  of  calorimetric  and  phe¬ 
nomenological  data  that  the  Curie  constant  was  dependent  on  composition  with  a 
peak  forming  near  the  morphotropic  boundary.  The  theory  was  then  modified  to 
account  for  the  compositional  dependence  of  the  Curie  constant. 24  This  resulted 
in  better  agreement  between  the  theoretical  and  experimental  dielectric  data  near 
the  morphotropic  boundary. 

To  account  for  the  tilting  of  the  oxygen  octahedra  in  the  low-temperature  rhom¬ 
bohedral  phase  Halemane  et  al. 25  expanded  the  energy  function  in  a  one-dimen- 
sional  power  series  of  the  polarization  (P)  and  tilt  angle  (0)  assuming  isothermal 
and  zero  stress  conditions.  The  possible  phase  transition  sequences  and  solutions 
to  the  energy  function  were  then  investigated.  This  theory  was  applied  to  the 
Pb(Zr0gTi0  ()03  composition,  first  by  assuming  2nd  order  phase  transitions."  and 
later  by  assuming  1st  order  transitions.26  r 

The  energy  function  was  then  expanded  in  a  three-dimensional  power  senes  of 
P  and  9  and  used  to  describe  all  of  the  ferroelectric  phases  of  the  PZT  system 
assuming  1st  order  phase  transitions.28  The  coefficients  of  the  energy  function  was 
determined  from  the  phase  boundary  and  equilibrium  conditions  combined  with 
experimental  data,  resulting  in  smooth  continuous  functions  across  the  phase  dia¬ 
gram.  The  experimental  and  theoretical  phase  diagrams  were  shown  to  agree  very 
well.  Using  this  theory  the  spontaneous  polarization  and  tilt  angle  were  calculated 
as  a  function  of  composition  and  temperature. 

A  tricritical  point,  where  a  phase  transition  changes  from  first  to  seond  order, 
was  found  to  occur  between  the  cubic  and  rhombohedral  phases  at  the  PZT  94/6 
composition  (94%  PZ  and  6%  PT). 29-31  From  lead  zirconate  to  the  tricritical  point 
the  cubic-rhombohedral  transition  was  shown  to  be  first  order,  and  then  to  change 
to  second  order  from  the  tricritical  point  over  to  at  least  the  PZT  88/12  composi¬ 
tion.-0  Lead  titanate  has  a  first  order  transition  from  cubic  to  tetragonal,  and  thus 
a  second  tricritical  point  should  occur  between  the  PZT  88/ 12  and  lead  titanate 
compositions,  where  the  transition  would  change  back  to  first  order. 

To  provide  additional  data  to  determine  the  coefficients  of  the  energy  function 
and  to  locate  the  second  tricritical  point,  pure  homogeneous  sol-gel  derived  PZT 
powders  were  prepared  for  several  compositions  in  the  rhombohedral  phase  field  '2 
The  lattice  parameters  of  these  compositions  were  determined  from  high-temper¬ 
ature  x-ray  diffraction,  and  used  to  calculate  the  spontaneous  strain.'-'  By  using 
these  data  to  determine  the  higher-order  dielectric  stiffness  coefficients  of  the 
energy  function,  the  second  order  transition  region  was  found  to  extend  over  to 
near  or  possibly  at  the  morphotropic  boundary.’"1  Additional  details  of  the  tricritical 
behavior  in  PZT  will  be  described  in  the  second  paper  in  this  series.1" 
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L'sing  the  x-ray  data  described  above  a  phenomenological  theory  was  dev eloped 
to  account  for  the  2nd  order  transition  region  of  the  PZT  system.  '4  In  this  theory 
additional  terms  were  added  to  the  energy  function  to  account  for  the  rotostrictive 
coupling  between  the  stress  and  the  square  of  the  tilt  angle  (analogous  to  the 
electrostrictive  coupling).  A  rotostrictive  constant  was  determined  from  experi¬ 
mental  spontaneous  strain,  polarization,  and  tilt  angle  data  using  a  relation  derived 
from  the  energy  function  for  the  low-temperature  rhombohedral  phase.  The  ro¬ 
tostrictive  contribution  to  the  spontaneous  strain  was  found  to  be  opposite  in  sign 
to  the  electrostrictive  contribution. 

A  more  complete  phenomenological  theory  of  lead  titanate  was  recently  devel¬ 
oped  independently  of  the  PZT  theory  using  the  available  single  crystal  data.55 
The  theoretically  predicted  spontaneous  polarization  and  strains,  and  dielectric  and 
piezoelectric  properties  are  in  good  agreement  with  the  experimental  data.  The 
results  of  this  theory  were  used  to  show  that  the  large  electromechanical  anisotropy 
found  in  lead  titanate  ceramics,  but  not  present  in  the  single  crystal  properties,  is 
simply  due  to  the  intrinsic  averaging  of  the  electrostrictive  constants.6-56 

A  phenomenological  theory  for  lead  zirconate  was  also  developed  independently 
of  the  PZT  theory  using  the  available  single-crystal  data.37  This  theory  was  used 
to  calculate  the  phase  stability,  antiferroelectric  spontaneous  strain,  and  ferro¬ 
electric  polarization  and  strain.  The  polycrvstalline  ceramic  dielectric  constant  was 
calculated  from  the  single-crystal  constants  in  this  theory,  and  found  to  be  m  good 
agreement  with  dielectric  data  at  miciowave  frequencies.  This  lead  zirconate  theory 
was  also  extended  into  the  PZT  system  to  account  for  the  antiferroelectric  region 
of  the  phase  diagram. 

As  described  above  phenomenological  theory  has  been  developed  for  different 
sections  of  the  PZT  phase  diagram.  The  purpose  of  this  series  of  papers  is  to  present 
the  recent  work  that  has  been  completed  to  combine  these  separate  theories  into 
a  complete  theory  of  PZT.  where  a  single  energy  function  and  set  of  coefficients 
can  be  used  to  calculate  the  phase  stability  and  properties  of  the  entire  PZT  system. 
In  the  next  section  this  energy  function  will  be  presented. 


III.  FREE  ENERGY  FUNCTION  FOR  PZT 

In  developing  a  phenomenological  theory  for  the  PZT  system  the  order  parameters 
that  cause  the  phase  transitions  must  be  accounted  for.  The  tetragonal  and  high- 
temperature  rhombohedral  phases  undergo  ptoper  ferroelectric  transitions  from 
the  paraelectric  cubic  state,  where  the  spontaneous  polarization  is  the  order  pa¬ 
rameter  causing  the  phase  transition.  An  improper  ferroelectric  phase  transition 
occurs  between  the  high  and  low  temperature  rhombohedral  phases,  where  the 
spontaneous  tilting  of  the  oxygen  octahedra  causes  the  phase  transition  and  con¬ 
tributes  to  the  spontaneous  polarization.  An  antiferroelectric  type  polarization 
develops  when  a  transition  takes  place  from  the  ferroelectric  to  antiferroelectric 
phases,  and  is  therefore  the  order  parameter  for  the  antiferroelectric  state. 

Thus  to  account  for  all  of  the  phase  transitions  in  the  PZT  system  the  energy 
function  should  include  the  ferroelectric  and  antiferroelectric  measures  of  the  po¬ 
larization.  and  the  tilting  of  the  oxygen  octahedra  as  order  parameters.  A  two- 
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sublattice  model38  was  used  to  derive  the  ferroelectric  and  antiferroelectric  meas¬ 
ures  of  the  polarization.  To  account  for  the  tilting  of  the  oxvgen  octahedra  an 
additional  term  was  added  to  the  elastic  Gibbs  free  energy  as  described  m  Ref 
erences  25-28. 

The  following  energy  function  for  the  PZT  system  was  then  derived  from  the 
symmetry  of  the  paraelectric  phase  (m3m)  assuming  isothermal  conditions,  using 
reduced  notation,  and  expanding  the  energy  function  in  powers  of  the  ferroelectric 
(P,)  and  antiferroelectric  ( p ,)  polarizations,  oxygen  octahedral  tilt  angle  (0,),  and 
including  couplings  between  these  order  parameters,  and  between  the  stress  {Xm) 
and  the  order  parameters: 

AG  =  a,  [P\  +  P\  -r  Pf|  +  a„  (Pf  +  P*:  P\] 

+  a, 2  [P(P;  -r  P\P\  -  PfPf)  -  a,„[P?  -  PS  -  P?j 
+  CLnzWPl  -  PI)  -  PziPi -PI)  -P$(P\-  Pi) ) 

+  ®  123  P\P\P\  +  O’!  [pi  -  PI  +  Pi]  -  ffu  Of  Pi  “  pj] 

+  (pip§  +  pip! +  pm]  +  Of  *  P2  -1-  pf] 

+  0*112  (Pi(P5  +  Pi)  +  Pt(P\  -  P5>  ~  Pf(Pi  -  Pi)] 

-  Oi23  PiPIPi  ~  fMi  [PZ\P\  "  ^;P:  ~  ^jPj] 

+  m-  12  [^i(P3  +  pi)  Pi  Pi  -  pi)  P](P\  ~  P2)] 

+  M-w[PIP^Jlp  +  P'PiP'J>y  ~  P\P'J>}pi)  +  Pi  (01  ~  $1-  05] 

-  Pu  [et  -  es  T  Oj]  +  7 u  TO  -  P505  -  Pfei]  ( n 

-  7,2  TOt  -  Oijl  +  P?(8f  -  05)  -  P|(0 1  -  05)] 

•^[^TOe:  -  p:p30:03  +  P3Pt030 t] 

-  *  5„  [,Yi  +  ,r3  +  r3]  -  (*,*2  +  x2x3  +  x}x{] 

-  lS»[Xi  +  A'i  -  XI]  -  Qn  [X,P\  T  XzPl  -  X3P\] 

-  Qizl^P?  +  Pi)  +  x:(P]  4-  PI)  +  *,(p?  -  Pi)] 

-  Q44pGP:P3  -  A5P,P3  4-  A„P1P:]  -  Z„  (.Tip,  -  ,V5P:  -  ,V?p3] 

—  Z,2[A\(p5  t-  p3)  4-  A\(pi  ■’*  P5)  Xy(Pi  —  P3)| 

-  ZxMmm  +  ^:P^3  *  X^;]  -  /?u  [A,0I  -  X&  -  , V* ; 0 5 ] 

-  /?i:(^,(0;  -  05)  +  A%(0t  -  05)  -  ,V3(0t  -  05)] 

-  P44  [X40:03  4-  ^0,83  f  Xb0,0:] 

The  coefficients  of  this  energy  function  are  defined  in  Table  I.  The  energy  function 
includes  all  possible  ferroelectric  and  antiferroelectric  polarization  terms  up  to  the 
sixth  ordei,  tilt  angle  terms  up  to  the  first  fourth  order  term,  and  only  the  first 
order  coupling  terms. 
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TABLE  I 

Coefficients  of  the  PZT  Energv  Function 


a..  <x.,K 
a(.  a,,.  <7 ,k 

Al/ 

P,  P„ 
y<, 

Qn 


ferroelectric  dielectric  sutfness  ut  constant  stress 
antiferroelectnc  dielectric  stiffness  at  constant  stress 
coupling  between  the  ferroelectric  and  antiferroelectnc  polarizations 
octahedral  torsion  coefficients 

coupling  between  the  ferroelectric  polarization  and  tilt  angle 
elastic  compliances  at  constant  polarization 

electrostnctive  coupling  between  the  ferroelectric  polarization  and  stress 
electrostrictive  coupling  between  the  antiferroelectnc  polarization  and  stress 
rotostricttve  coupling  between  the  tilt  angle  and  stress 


IV.  SOLUTIONS  TO  THE  ENERGY  FUNCTION 


Considering  zero  stress  conditions  the  following  solutions  to  the  energv  function 
(Equation  i)  are  of  interest  in  the  PZT  system: 

Paraelectric  Cubic  (Pc) 


Pl  =  Pz  =  p3  =  O'  Pi  =  Pz  =  Pi 

=  0. 

e, 

=  9: 

=  9  ,  = 

■  0 

(2) 

Ferroelectric  Tetragonal  (Fr) 

Pi  =  Pz  =  0.  Pl  ==  0,  P\  -  Pz  -  Pi 

=  0. 

e, 

=  e. 

=  0;,  = 

0 

(3) 

Ferroelectric  Orthorhombic  (F0) 

Pi  =0.  P\  =  PI  ±  0,  px  =  p,  =  P} 

=  0. 

0i 

=  0, 

=  0,  = 

0 

(4) 

Ferroelectric  High-temperature  Rhombohedral 

1  Pr<HT>) 

p\  =  Pi  =  Pi*  o.  Pl  =  Pz  =  P 3 

=  0, 

e, 

=  9: 

=  0j  = 

0 

(5) 

Ferroelectric  Low-temperature  Rhombohedral 

(PriLT)) 

P\  =  P\  =  P\  *  0,  P\  =  Pz  =  Pi 

=  0. 

0T 

=  0; 

=  05  = 

0 

(6) 

Antiferroelectnc  Orthorhombic  (A0) 

P\  =  Pz  =  Pi  =  0,  Pi  —  0,  Pz  =  Pi 

*  0. 

e, 

=  9: 

=  03  = 

0 

(7) 

All  of  these  solutions,  except  for  the  ferroelectric  orthohombic  solution. 

are  stable 

in  the  PZT  system.  The  ferroelectric  orthorhombic  solution  was  also  included  here, 
because  the  coefficients  necessary  to  calculate  the  energy  of  this  phase  can  be 
determined.  An  independent  check  of  the  calculated  coefficients  can  then  be  made 
by  confirming  that  this  phase  is  metastable  across  the  PZT  system. 

Applying  these  solutions  to  Equation  (1)  under  zero  stress  conditions  results  in 
the  following  relations  for  the  energies  of  each  solution: 


Pc 

AG  =  0 

(8) 

Pr 

AG  =  o.xP\  +  c>-\\P j 

+  “ill  ^3 

(9) 

Fo 

AG  =  2axP]  +  (2au 

+  “i z)Pt  +  2(aul  *  ali:)Pj 

(10) 

:o 
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Prihti  AO  —  JoqPj  ■**  ->(<*u  4-  ct\2)P\  ~  ( 1  ■  1  ~  6cX(|i  ~  (X\z$)P%  ( ll) 

Prilti  AG  ~  3<*iP3  ■*■  ->(otn  ~  <*i z)Py  ~  (JOtm  ~  ^an;  ~  <*i:.')T*( 

+  3(3,05  *  3Mi  -  3(7.,  -  27l2  -  7^0}  (12) 

A0  AG  =  2crlp]  4-  (2or„  4-  v{2)p\  t  2(crlu  4-  <r,u)pf  (13) 

The  spontaneous  ferroelectric  and  antiferroelectric  polarizations  ( P}  and  p3)  and 
tilt  angle  (03)  in  the  above  equations  can  be  found  from  the  first  partial  derivative 
stability  conditions  (3A G/dP3.  3A C/dp3.  and  3AG/d03)  as  shown  below: 

Ft  d'XGidP}  =  0  =  3aHlP3  -1-  2auP5  -  a,  ( 14) 

F0  3A GidPy  =  0  =  3(aU!  -  au 2)Pj  -  (2ot,  t  -  ali:)P5  -  a.  (15) 

PriHT)  d&GldPy  —  0  =  (-><*111  ~  6<*!,2  ~  <*l 2j)P} 

4-  2(a„  -r  al2)Pl  4-  at  (lb) 

pR(LT)  dl\G/dP2  —  0  =  (-><*111  4-  6au?  <*123)T>3 

4-  2(au  4-  a;;)P 5  -r  a,  ■*-  7U05  (17) 

9AC/003  =  0  =  Pi  4-  2(3U05  -  7 u#  ( 18) 

Aa  3A Gidp-j  =  0  =  3(<7,n  -  cr w2)pi  -  (2oru  -  <ri;)p5  -  a,  (19) 


The  polarizations  and  tilt  angle  can  be  calculated  by  solving  these  quadratic  equa¬ 
tions.  Equations  (9)— ( 19)  relate  the  energies  of  each  solution  to  the  coefficients 
of  the  energy  function.  Thus  by  determining  these  coerficients.  the  energies  of  each 
phase  can  be  calculated. 

V.  SPONTANEOUS  ELASTIC  STRAINS 

The  spontaneous  elastic  strains  x,  (  ‘>AC/9Ar.)  under  zero  stress  conditions  can 

be  derived  from  Equation  (1)  as  follows. 

Pc  x\  =  *2  =  *4  =  .<4  =  *5  =  x„  =  0  (20) 

P  r  *1  =  =  Qv.Pi  U  =  QnP\>  <4  =  -V,  =  r,  =  0  (21) 

F0  =  2Qx2P\,  x2  =  X\  —  (Qu  4-  Qi2)P\, 

JC4  =  QuPl  X5  =  X,  =  0  (22) 

Fr,ht)  xx  =  x2  =  .v3  =  {Qn  ~  IQvJPl  xt  =  U  =  =  QuP]  (23) 

Prilt)  •*,  ~  *2  =  xs  =  (Gn  ’’’  ~Q{z)Py  "*■  (Ru  ~  2/?i:)93. 

■r4  =  -r5  =  .r6  =  QuPj,  1-  Ru  05  (24) 

A0  .t,  =  2Zl2pl  x2  =  ,r3  =  (Z,,  +  Zl2)pi 


x4  =  Z44p5 ,  .r5  =  .r6  =  0 


(25) 
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In  the  next  three  papers  of  this  series10-12  these  spontaneous  strain  relations  ill 
be  shown  to  be  very  important  in  determining  the  coefficients  of  the  energv  func¬ 
tion.  Spontaneous  strain  data  will  be  determined  from  x-ray  diffraction  ot  PZT 
powders,  and  used  with  the  electrostrictive  constants  to  calculate  the  spontaneous 
polarization,  which  is  needed  to  determine  coefficients  of  the  energy  function. 


VI.  DIELECTRIC  PROPERTIES 

Relations  for  the  relative  dielectric  stiffnesses  x„  ( =  d2A GldPfiP,)  were  derived 
from  Equation  (1)  for  the  six  solutions: 


XZ2  ”  Xj3  ~  X 1 2  ‘<23 

=  X31  = o 

(26) 

X22  "  -£o[ai  &12P3  "" 

-£o[ai  +  6auP3  +  l5aluP}], 

X12  =  X23  =  X31  =  0 

(27) 

Pq  Xu  “  2e0[a1  *  2ar_P]  +  (2a112  +  a i;3)Rt]. 

X22  =  X33  =  2e0 (a.  +  (6a, ,  t  a,2) Pi  -»*  (15a„,  *  7a ,,2)P1]. 


Xi:  —  X31  —  X23  —  4s*i(a,2P3  *r  (28) 

Fr<ht)  Xu  =  X22  =  X33  =  2e0(a,  -  (6au  2a22)P3 
+  (15a, „  •-  I4au2  -  al23)P3. 

\i:  =  X23  ®  Xi\  -  Ae0(a, :P\  -  (4a1I2  -  a,23)Pj]  (29) 

F*lt>  Xu  =  X22  =  X33  “  2s,, (a,  -  (6au  t  2al2)P3 

+  (15a,,,  —  I4an2  +■  a,^)/"^  -1-  (7,,  —  27,2)0j]. 

X12  =  X23  =  X31  =  4e0[al2P^  +  (4au2  +  a123)P1  1-  74483]  (30) 

Ao  Xu  =  2e<)(a,  +  -  X22  =  X33  =  2so(a,  —  ((xn  +  M-i:)p3]. 

X12  =  X31  =  X23  =  (51) 


The  multiplication  by  permittivity  of  free  space  e0  in  these  equations  was  required 
to  convert  from  absolute  to  relative  dielectric  stiffnesses.  Equations  ( 26)— (3 1 )  can 
be  used  to  calculate  the  relative  dielectric  stiffnesses  for  each  phase  based  on  the 
original  cubic  axes. 

In  the  orthorhombic  state  the  polarization  can  be  along  any  of  the  ( 1 10)  directions 
ot  the  original  cubic  axes.  The  polarization  of  the  rhombohedral  state  can  be  along 
any  of  the  till)  directions.  By  rotating  these  axes  so  that  for  both  states  the  new 
.r j  axis  is  along  the  polar  directions,  diagonalized  matrices  will  result.  The  new 
dielectric  stiffness  coefficients  (indicated  by  a  prime)  can  be  related  to  the  oid 
coefficients  [defined  by  equations  (28)— (31)]  with  the  following  relations: 

Xu  =  Xu-  X2:  =  X33  “  X23 

X33  =  X33  +  X23.  Xu  *  X:>  =  X31  =  0 


F0  and  Ac 


(32) 
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Frihti  and  F, RiLT>  Xu  -  X22  —  Xn  Xi:-  X33  “  Xu  ~  -Xi: 

X12  =  X23  =  X31  =  0  (33) 

These  equations  can  be  used  to  calculate  the  dielectric  stiffnesses  of  the  ortho¬ 
rhombic  and  rhombohedral  phases  parallel  and  perpendicular  to  the  polar  axes. 

The  dielectric  susceptibility  coefficients  (tiv)  can  be  determined  from  the  recip¬ 
rocal  of  the  dielectric  stiffness  matrices  (x,,)  using  the  following  relation:-'0 

=  A,,!*.  (34) 

where  A„  and  A  are  the  cofactor  and  determinant  of  the  x,,  matrix.  Using  this 
relation  results  in  the  following  relations  for  the  dielectric  susceptibility  coefficients 


Pc 

hn 

=  n2:  = 

•"“X 

II 

Xu> 

T)l2  =  ^23  =  h31  =  0 

(35) 

Ft 

•Hu 

—  T|  2^  ~ 

UXii- 

%3 

=  l'X33 

(36) 

F 0  and  A  0 

Till 

=  b'Xll- 

h22  = 

^33 

li 

,X 

tl 

OilJ 

1 

xr 

t  jt*j 

"n  12 

=  %t  = 

0.  f)2i 

=  - 

”X23-(X33  X23) 

(37) 

Tin 

=  bxu- 

t}22  = 

1  X: 

12-  T)33  =  I'  X33 

"H 1 2 

=  h23  = 

t+j  - 

II 

0 

(38) 

F R( HT)  an-d  F R< LT)  Tlll  =  T)22  “  ^33  ~  (xil  XfcMXll  3XnXl2  +  -Xll) 

TI12  =  T123  “  “131  =  (Xl2  -  XiiXuWxii  ~  3Xu\T:  -  — Xi;) 

=  Tl22  =  b  Xll  •  ^33  =  ('X33  v->9) 

Tll2  =  T)23  0  ^31  =  '3  (40) 

These  equations  can  be  used  to  calculate  the  dielectric  susceptibilities  of  each  phase 
from  the  coefficients  of  the  energy  function. 

VII.  PIEZOELECTRIC  PROPERTIES 

Relations  for  the  piezoelectric  b„  coefficients  (=  d2A GidP,dX,)  were  derived  from 
Equation  (I)  for  the  tetragonal  and  rhombonedral  states  as  shown  below: 

Ft  bjj  =  2  QuP  3,  b3t  =  bi2  =  -QiiFj, 

b\ 5  =  bZA  —  QaaP),  bl{  =  bi2  =  b\2  =  b^  =  bl6  =  0. 

^21  =  b;2  =  b2y  =  bz$  —  b-6  =  by 4  =  by$  —  b^  =  0  (41) 

F Ri ht)  and  F R( lt)  bu  =  b2 2  =  by 3  =  2QnPy,  bu  =  b2 5  =  b><  =  0 

bl2  ~  b u  =  b2\  =  b2 2  =  byy  =  bi2  =  2QxzPy 

bis  ~  ^16  =  bZx  ~  b2f>  —  byA  =  £35  —  QxxP 3.  (42) 
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Since  a  coupling  term  of  type  X,P,Q,  was  not  included  in  Equation  (l).  the  b , 
relations  [Equation  (42)]  for  the  high  and  low  temperature  rhombohedral  phases 
are  of  the  same  form.  However,  the  spontaneous  polarizations  Py  are  defined  by 
different  relations  for  the  high  and  low  temperature  rhombohedral  phases,  and 
thus  different  values  would  result  for  these  coefficients. 

The  piezoelectric  d,,  coefficients  are  defined  by  Reference  40: 

d„  *  bkj tu  (43) 

Using  this  relation  for  the  tetragonal  and  rhombohedral  states  results  in  the  fol¬ 
lowing  relations: 


Ft 

d» 

—  -eOTl33QlI 

Py  dy 

II 

2  —  -£0Tl33 

Ql2Fy, 

d\$ 

“  ^24 

dn 

^5 

II 

r  i 

11 

t3  =  d\4 

^21 

=  d22 

=  d22 

II 

VO 

r-» 

II 

d26.= 

^34  —  ^35 

=  dy(,  — 

FRlHT,andF R(LT) 

dn 

~  <$22 

rO 

fO 

II 

=  2e0(r| 

uQu 

+  ~T\\lQ\2 

•)P» 

d\2 

=  du 

=  d2 1 

=  d2  3  = 

dn  = 

d^2 

=  2E()[Tlji(2l2  ■*"  Tlu(Qu  ~  Qi:)l^V 

d\4  —  d2  5  —  dyb  =  2zt)T\izQxiPys 

d\$  =  dl6  =  dZ4  =  d2  6  =  dy  4  =  dyy  =  8()(T|h  +  hi  ijQ-uFy,  (45) 

The  multiplication  by  the  permittivity  of  free  space  s0  in  these  three  equations  was 
required  to  convert  the  dielectric  susceptibilities  from  relative  to  absolute.  Equa¬ 
tions  (41).  (42).  (44).  and  (45)  can  be  used  to  calculate  the  piezoelectric  b„  and  d , 
coefficients  of  the  tetragonal  and  rhombohedral  phases  from  the  coefficients  of  the 
energy  function. 


VII.  SUMMARY 

The  applications  of  compositions  of  the  PZT  solid  solution  system  as  piezoelectric 
transducers,  pyroelectric  detectors,  electro-optic  devices,  and  explosively  induced 
charge  storage  devices  were  described  in  the  introduction  to  demonstrate  the  tech¬ 
nological  importance  of  PZT.  These  applications  use  PZT  in  polycrystalline  ceramic 
form,  and  thus  the  properties  of  these  ceramics  are  well  established  in  the  literature. 
However,  the  mechanisms  contributing  to  these  outstanding  polycrvstalline  prop¬ 
erties  of  PZT  are  not  well  understood,  because  of  the  complexity  of  the  interactions 
within  the  polycrystalline  material. 

A  first  step  in  the  analysis  of  a  ferroelectric  polycrvstalline  material  is  to  separate 
the  intrinsic  and  extrinsic  contributions  to  the  properties.  The  intrinsic  contributions 
result  from  the  averaging  of  the  single-domain  single-crystal  properties,  while  the 
extrinsic  contributions  arise  from  the  interactions  at  grain  or  phase  boundaries  and 
from  the  domain  wall  or  thermal  defect  motions.  Unfortunately,  due  to  the  difficulty 
of  growing  good  quality  single  crystals  of  PZT.  very  little  single  crystal  data  is 
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available.  Thus  the  goal  of  this  project  was  to  develop  a  thermodynamic  phenom¬ 
enological  theory  to  calculate  the  single-domain  properties  of  PZT  This  theory 
could  then  be  used  to  separate  the  intrinsic  and  extrinsic  contributions  to  the 
polvcrystalline  properties.  In  addition  there  are  several  other  applications  of  this 
theory,  which  will  be  in  the  last  paper  of  this  series.13 

A  two-sublattice  theory,  where  each  sublattice  has  a  separate  polarization,  was 
used  to  account  for  the  ferroelectric  and  antiferroelectric  phases  of  the  PZT  system. 
An  additional  order  parameter  was  also  included  to  account  for  the  tilting  of  the 
oxygen  octahedra  in  the  low-temperature  rhombohedral  phase.  The  resulting  en¬ 
ergy  function  can  be  used  to  model  the  phase  transitions  and  single-domain  prop¬ 
erties  of  the  PZT  system.  Solutions  to  this  energy  function  were  used  to  derive 
relations  for  thd  energies:  spontaneous  polarizations,  strains,  and  tilt  angles,  and 
dielectric  and  piezoelectric  properties  corresponding  to  the  different  phases  m  the 
PZT  system. 

The  coefficients  needed  to  calculate  the  energies  and  properties  of  the  solutions 
will  be  determined  in  the  next  three  papers  in  this  series. 10-12  Theoretical  calcu¬ 
lations  and  comparisons  with  experimental  data  will  then  be  presented  in  the  final 
paper  of  this  series.13  Additional  details  of  this  theory,  including  tables  of  all  the 
experimental  data  collected,  can  be  found  in  Reference  41. 
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Two  tncntical  points,  where  a  phase  transition  changes  from  first  to  second  order.  were  tound  to  occur 
m  the  lead  zirconate-titanate  {PZT)  solid  solution  s>stem.  High-temperature  x-ray  diffraction  data  on 
sol-gel  derived  PZT  powders  were  used  to  calculate  the  ceil  parameters  and  spontaneous  strain  in  the 
ferroelectric  phases.  These  data  were  used  with  addition  data  from  the  literature  to  determine  values 
of  the  higher-order  dielectric  stiffness  coefficients,  which  were  then  used  to  locate  the  tncntical  points. 
The  values  of  the  coefficients  are  also  needed  in  the  development  of  a  thermodynamic  theory  of  the 
PZT  system. 


I.  INTRODUCTION 

Tricritical  behavior,  where  a  phase  transition  changes  from  first  to  second  order, 
has  been  shown  to  occur  in  the  lead  zirconate-titanate  (PZT)  solid  solution  s\s- 
tem.1-4  The  end  members  lead  titanate  (PbTiOj)  and  lead  zirconate  (PbZrO-,) 
both  have  well  defined  first-order  phase  transitions  from  a  paraelectnc  cubic  phase 
at  high  temperatures  to  ferroelectric  tetragonal  and  rhombohedral  phases,  respec¬ 
tively.  at  lower  temperatures.  By  forming  a  solid  solution  between  these  first-order 
end  members  a  second-order  transition  region  develops  in  the  middle  of  the  phase 
diagram.4 

The  degree  of  first  order  behavior  has  been  shown  to  decrease  from  lead  zirconate 
to  the  PZT  94/6  (94%  PZ  and  6%  PT)  composition,  where  a  tricritical  point  occurs 
and  the  transition  changes  to  second  order.1 2  With  increasing  titanium  content  the 
second  order  transition  region  was  found  to  extend  from  the  tricritical  point  over 
to  the  PZT  88/12  composition.2  Since  lead  titanate  has  a  first  order  transition,  a 
second  tricritical  point  should  occur  between  the  PZT  88/12  and  lead  titanate 
compositions. 

To  provide  additional  data  to  locate  the  second  tricritical  point,  pure  homoge¬ 
neous  sol-gel  derived  powders  were  prepared  for  several  PZT  compositions."  The 
lattice  parameters  of  these  compositions  were  determined  from  high-temperature 
x-ray  diffraction,  and  used  to  calculate  the  spontaneous  strain.6  By  using  these  data 
to  determine  the  higher  order  dielectric  stiffness  coefficients,  the  second-order 


tNow  at  E.  I.  du  Pont  de  Nemours  &  Co..  Electronics  Dept..  Experimental  Station.  P  0  Box 
80334,  Wilmington.  DE.  19880-0334. 

;Now  at  Allied-Signal  Inc.,  Metals  and  Ceramics  Laboratory.  P  0.  Box  102 1 R.  Morristown.  NJ. 
07960. 
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transition  region  was  found  to  extend  over  to  the  morphotropic  boundary  between 
the  tetragonal  and  rhombohedral  phases.4 

In  this  paper  additional  data  will  be  presented  to  show  that  the  second  tricritical 
point  occurs  in  the  tetragonal  phase  field.  The  compositional  dependence  of  the 
higher-order  dielectric  stiffness  coefficients  will  be  determined  from  high-temper¬ 
ature  x-ray  diffraction  data,  and  used  to  locate  the  tricritical  points.  Values  of  the 
dielectric  stiffness  coefficients  are  also  needed  in  the  development  of  a  thermo¬ 
dynamic  theory  to  model  the  phase  transitions  and  single-domain  properties  of  the 
entire  PZT  system.7-10 

In  the  next  section  experimental  high-temperatu.re  x-ray  diffraction  data  will  be 
presented.  This  data  will  be  used  to  calculate  the  spontaneous  polarization  for 
tetragonal  and  rhombohedral  compositions  in  Sections  III  and  [V.  respectively. 
This  polarization  data  will  then  be  used  to  determine  the  higher-order  dielectric 
stiffness  coefficients .  and  to  establish  the  location  of  the  tricritical  points.  In  Section 
V  the  morphotropic  boundary  will  be  used  to  complete  the  evaluation  of  these 
coefficients,  followed  by  a  summary  of  this  paper  in  Section  VI. 


II.  HIGH-TEMPERATURE  X-RAY  DIFFRACTION 

High-temperature  x-ray  diffraction  was  used  to  determine  the  cell  parameters  of 
sol-gel  derived  lead  titanate  and  PZT  powders.  The  lead  titanate  data  was  previously 
presented  in  Reference  11.  and  used  to  develop  a  thermodynamic  theory  of  lead 
titanate.  X-ray  data  on  PZT  90/10. 80/20,  70/30  and  60/40  were  previously  presented 
in  Reference  6.  In  this  section  high-temperature  x-ray  diffraction  data  on  sol-gel 
derived  powder  of  PZT  32/68  will  be  presented.  The  sol-gel  procedure  used  to 
prepare  this  powder  was  described  in  Reference  5.  The  x-ray  diffractometer  setup 
and  data  analysis  procedure  that  were  used  were  described  in  References  6  and 
11. 

The  splitting  of  the  002/200  and  123/312/321  peaks  for  the  PZT  32/68  composition 
are  shown  in  Figure  1.  These  x-ray  data  were  used  to  calculate  the  cell  constants 
using  the  Cohen  least-squares  refinement  method12  as  shown  in  Figure  2.  The  data 
in  these  figures  indicate  that  the  transition  from  cubic  to  tetragonal  in  the  PZT  32/ 
68  composition  is  either  second  order,  or  only  slightly  first  order.  This  is  more 
obvious  when  plotting  the  cell  volume  (=ufcr)  versus  temperature  as  shown  in 
Figure  3.  A  continuous  change  in  the  volume  would  indicate  that  the  transition  is 
second  order.  Additional  data  will  be  presented  later  in  this  paper  to  show  chat 
the  cubic  to  tetragonal  phase  transition  in  PZT  32/68  is  probably  second  order. 

The  spontaneous  strains  xy  and  x2  can  be  calculated  from  the  tetragonal  cell 
constants  aT  and  cT  using  the  following  relations: 

-r,  =  iLX-Ss  =  (1) 

ac  ac 

ac  is  the  cubic  cell  length  extrapolated  into  the  tetragonal  region. 

Different  procedures  have  been  used  to  calculate  the  spontaneous  strains,  de¬ 
pending  on  the  procedure  used  to  determine  a’c.  Haun  et  al extrapolated  the 
cubic  cell  constant  into  the  tetragonal  region  by  assuming  that  the  electrostrictive 
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FIGURE  1  The  angles  of  the  002/200  and  123/312/321  diffraction  peaks  ot  PZT  3168  plotted  versus 
temperature. 


ratio  QwQiz  is  independent  of  temperature,  which  is  a  fairly  good  assumption  in 
PZT. 13  This  ratio  can  be  determined  from  the  ratio  of  the  spontaneous  strains  v, 
and  Xy  from  Equation  (21)  in  Reference  7: 


If  the  Qu-Qi:  ratio  is  known,  then  ac  can  be  determined  by  combining  Equations 
(1)  and  (2): 


ac  - 


c_r  ~  (QivQiz)aT 

l  “  QipQu 


(3) 


By  determining  the  Qu  Qiz  ratio.  ac  can  be  calculated  and  used  with  the  cell 
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FIGURE  2  Tlie  lattice  constants  ot  PZT  32/68  plotted  versus  temperature.  aT  and  cr  are  the  lattice 
constants  of  the  tetragonal  structure.  and  ac  are  the  lattice  constants  of  the  cubic  structure  above 
Tc  and  extrapolated  into  the  tetragonal  region,  respectively 


constants  to  calculate  the  spontaneous  strains.  Haun  et  al.n  used  a  procedure  of 
extrapolating  the  cubic  cell  constant  ac  data  to  below  the  transition  to  calculate 
the  Qu  Ql2  ratio  for  PbTiO,.  Due  to  the  second  order  transition  behavior  ot  the 
PZT  32/68  composition,  this  procedure  was  not  possible.  However,  the  electros- 
trictive  constants  of  PZT  have  been  recently  approximated  from  a  combination  of 
single-crystal  and  polycrystalline  data.13  A  value  of  -3.166  for  the  Qn  Q i:  ratio 


FIGURE  3  The  unit  cell  volume  of  PZT  32<(-8  plotted  versus  temperature. 
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was  determined  for  the  PZT  32/68  composition.13  This  value  was  used  in  Equation 
(3)  to  calculate  ac  as  shown  by  the  data  plotted  in  Figure  2. 

The  spontaneous  strains  .t[  and  were  then  calculated  for  the  PZT  32/68  com¬ 
position  from  the  data  in  Figure  2  using  Equation  1.  The  results  are  shown  in 
Figure  4.  along  with  the  lead  titanate  strain  data  from  Reference  11.  The  numerical 
values  of  these  data  are  listed  in  Reference  14.  These  strain  data  will  be  used  in 
the  next  section  with  the  electrostrictive  constants  to  calculate  the  spontaneous 
polarization,  which  will  then  be  used  to  determine  the  higher-order  dielectric  stiff¬ 
ness  coefficients. 


II.  TETRAGONAL  COMPOSITIONS 

All  of  the  dielectric  stiffness  coefficients  in  the  PZT  energy  function  (Equation  ( 1) 
in  Reference  7j  were  assumed  to  be  independent  of  temperature,  except  the  di¬ 
electric  stiffness  constant  at  which  was  given  a  linear  temperature  dependence 
based  on  the  Curie-Weiss  law: 


C  is  the  Curie  constant.  s0  is  the  permittivity  of  free  space,  and  T„  is  the  Curie- 
Weiss  temperature.  By  finding  values  of  7",,  and  C.  a,  can  be  calculated  as  a  function 
of  temperature. 

The  simplest  and  usual  method  of  finding  values  of  T,y  and  C  is  to  fit  the  inverse 
of  the  dielectric  constant  in  the  paraelectric  state  using  the  Curie-Weiss  law.  L'n- 


TEMPERATURE  (°C) 


FIGURE  4  The  spontaneous  strains  c,  and  r,  plotted  versus  temperature  tor  PbTiO-  and  PZT  32 
^8  The  data  points  were  calculated  from  the  lattice  constant  data  shown  in  Figure  2. 
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fortunately,  very  little  dielectric  data  on  PZT  in  the  high  temperature  cubic  state 
exists,  due  to  the  lack  of  good  quakty  single  crystals.  Measurements  on  poh  crys¬ 
talline  ceramic  samples  typically  give  similar  values  of  T„  and  C  as  single  crystals, 
but  these  measurements  are  difficult  in  pure  PZT  due  to  the  large  electrical  con¬ 
ductivity  at  high  temperatures.  In  addition,  considerable  discrepancies  exist  in  the 
measurements  that  have  been  made.  For  these  reasons  indirect  methods  were  used 
to  determine  T0  and  C.  70  will  be  determined  by  fitting  spontaneous  stram  data 
as  described  later  in  this  section.  C  will  be  obtained  from  low-temperature  dielectric 
data  in  the  third  paper  of  this  series.8 

The  Curie  constant  acts  as  a  scaling  constant  in  the  dielectric  properties  and 
energies  of  the  phases.  The  dielectric  stiffness  coefficients  are  inversely  proportional 
to  the  Curie  constant,  as  shown  in  Equation  (4)  for  a,.  However,  the  spontaneous 
polarization,  strain,  and  tilt  angle  are  all  independent  of  the  Curie  constant.  Since 
the  Curie  constant  was  not  known  at  this  point,  new  constants  were  formed  by 
multiplying  the  dielectric  stiffness  coefficients  by  the  Curie  constant.  These  new 
constants  can  be  determined  from  the  spontaneous  polarization  data  independently 
of  the  Curie  constant.  Equation  (4)  then  becomes: 


q(C 


T-  T0 

2e0 


(5) 


Now  if  T0  can  be  determined,  then  the  new  constant  a,C  can  be  calculated. 

The  spontaneous  polarization  of  the  tetragonal  state  can  be  related  to  the  di¬ 
electric  stiffness  coefficients  by  solving  the  quadratic  relation  formed  from  the  first 
partial  derivative  stability  condition  (Equation  (14)  in  Reference  7): 


P 3 


-a,,  =  [ait  ~  2a,atll)i: 
Ja!U 


(6) 


Only  the  solution  involving  a  positive  term  in  Equation  (6)  is  considered  here, 
because  this  solution  corresponds  to  a  free  energy  minimum,  while  the  other  so¬ 
lution  corresponds  to  a  maximum  of  the  free  energy. 

Multiplying  the  numerator  and  denominator  of  Equation  (6)  by  the  Curie  con¬ 
stant  results  in  the  following  expression  which  relates  P3  to  the  new  atC.  a UC. 
and  qluC  constants: 

-quC  +  [(anC):  -  3q1CqulC|12 


If  the  cubic-tetragonal  transition  is  second  order  then  T„  =  Tc.  and  the  following 
relation  results  from  Equations  (5)  and  (7): 

P 3  =  «{l  -  (1  -  b(T-  rc)|'-}. 


where  a  =  -quC(3qmC).  and  b-  3qmC  (2e0  (q,,C):]  (8) 

The  a  and  b  relations  can  also  be  rearranged  in  terms  of  the  qMC  and  q,,,C 
constants: 


quC  =  -  1/(2e„  Cab) 


qnlC  =  M6e,)Ca:f>) 


(9) 
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Since  auC  and  aluC  are  assumed  to  be  independent  of  temperature,  a  and  b  will 
also  be  independent  of  temperature.  It  can  be  deduced  from  equation  IS)  that  for 
a  second  order  transition  the  spontaneous  polarization  Py  vanishes  at  the  transition 
temperature  Tc. 

The  spontaneous  strains  and  x}  of  the  tetragonal  state  are  related  to  P;  through 
the  electrostrictive  coefficients  [see  Equation  (21)  in  Reference  7j.  By  substituting 
Equation  (8)  into  Equation  (21)  from  Reference  7  the  following  relations  result: 

*1  -  [1  -  b{T  -  rc)H  (10) 


*3  =  a<2„{l  -  [l  -  b{T  -  7V))1-}  (11) 

These  equations  can  be  used  to  fit  the  tetragonal  strain  data,  if  the  cubic-tetragonal 
transition  is  second  order. 

If  the  cubic-tetragonal  transition  is  first  order,  then  TA  =  Tc .  and  the  sponta¬ 
neous  polarization  changes  discontinuously  at  the  transition.  At  Tc  two  relations 
must  be  satisfied: 


0  —  otic  +  au  Pic  +  “in  Pic  ( 

0  =  aIC  -r  2au  P\c  +  octui  Pic  (13) 


where  aic  and  P}C  are  aj  and  P,  at  Tc.  Equation  (12)  was  derived  from  the 
requirement  that  the  AG's  of  the  cubic  and  tetragonal  phases  (Equations  (8)  and 
:9)  in  Reference  7]  must  be  equal  at  Tc.  Equation  ( 13)  is  the  first  partial  derivative 
stability  condition  [Equation  (14)  in  Reference  7]  at  Tc.  which  must  be  satisfied 
so  that  the  stable  state  corresponds  to  the  minima  of  the  energy  function. 

From  Equation  (4).  a,  at  Tc  is: 


aic 


T_c  -  7q 
2e0C 


(14) 


Substituting  this  equation  into  Equations  (12)  and  (13).  and  solving  for  the  tem¬ 
perature  independent  coefficients  an  and  alu  results  in: 


-(7V  -  r0)  _  Tc  -  To 

6o  CP\c  '  a,u  CKc 


(15) 


Multiplying  these  relations  by  the  Curie  constant  C.  equations  result  for  the  new 
constants  a,,C  and  ctmC: 


««.C  — 


zSLl  ~  TA 

EoPjC 


amC  -  — 


T,} 


2e„n 


ic 


(16) 


Substituting  Equations  (16)  and  (5)  into  Equation  (7).  or  substituting  Equations 
(15)  and  (4)  into  Equation  (6),  results  in  the  following  relation: 


P 


■> 

3 


'VPl 


1C' 


where  XV 


2 

3 


1  ^ 


3(T  -  T0) 
4 (Tc  ~  To) 


(17) 


This  equation  can  be  used  to  calculate  the  spontaneous  polarization  Py  from  Pyc< 
7V  and  Tc  -  7V  when  the  pai~aelectric- ferroelectric  transition  is  first  order. 
Comparing  this  equation  with  the  second  order  Py  relation  (Equation  (8)]  shows 
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that  a  change  in  sign  occurred  after  the  first  term.  This  is  because  for  a  first-order 
transition  an  is  negative. 

Similar  relations  can  be  derived  for  the  spontaneous  strains  x,  and  x3  by  substi¬ 
tuting  Equation  (17)  into  Equation  (21)  from  Reference  7: 


Jfl  =  ^1C 

where  xlC  =  QV_P\C 

(18) 

C 

W 

& 

il 

where  x3C  =  QnP]c 

(19) 

The  above  equations  were  used  to  fit  the  experimental  tetragonal  spontaneous 
strain  data  that  was  determined  from  high-temperature  x-ray  diffraction  data.  In 
each  equation  there  are  three  independent  unknown  constants  (x,c.  7,,.  and 
7C  -  7j,  in  Equation  (18);  and  x3C.  T0,  and  Tc  -  T0  in  Equation  ( 19)].  With  three 
unknown  constants  many  combinations  of  the  values  of  these  constants  will  give 
similar  fits  of  the  experimental  data.  For  this  reason  a  value  of  Tc  was  first  deter¬ 
mined  from  the  experimental  phase  diagram,  which  reduced  the  number  of  un¬ 
known  constants  to  two.  With  only  two  unknown  constants,  the  combination  of 
values  that  gave  the  best  least  squares  fit  of  the  data  could  be  easily  found. 

Amin  et  al.15  fit  Tc  of  the  experimental  phase  diagram  with  the  following  po¬ 
lynomial  equation; 


Tc  =  (211.8  -  486. Ox  -  280.0x-  +  74.42rJ)iC.  (20) 


where  x  is  the  mole  fraction  PbTi03  in  PZT.  This  equation  will  be  used  to  calculate 
Tc  versus  composition  for  the  evaluation  of  the  dielectric  stiffness  constants  in  this 
section,  but  a  new  equation  (Equation  (42)]  will  be  given  in  Section  IV.  which  will 
be  used  to  calculate  Tc  in  References  8-10. 

Haun  et  al . 11  used  a  computer  program  to  determine  values  of  xic.  x,c.  and  70 
that  gave  the  best  least-squares  fit  of  the  lead  titanate  strain  data  (shown  in  Figure 
4)  using  Equations  ( 18)  and  ( 19)  with  Tc  equal  to  492. 2°C  (calculated  from  Equation 
(20)].  The  electrostrictive  constants  of  lead  titanate  were  determined  using  Gav- 
rilyachenko  et  al. 16  room  temperature  spontaneous  polarization  value  of  0.75  C  nr. 
and  used  with  the  strain  data  to  calculate  the  spontaneous  polarization,  as  shown 
in  Figure  5.  The  values  of  all  of  the  constants  used  in  these  calculations  are  listed 
in  Table  I. 

The  same  procedure  was  used  to  fit  the  PZT  32/68  spontaneous  strain  data  from 
Figure  4.  However,  for  this  composition  the  least-squares  error  continually  became 
smaller  as  the  Tc  -  T(1  difference  was  reduced,  indicating  that  the  transition  was 
actually  second  order.  Therefore,  Equations  (10)  and  (11)  were  used  to  fit  this 
data.  Values  of  the  constants  aQ\i>  and  b  were  then  found  that  gave  the  best 
fit  of  the  strain  data.  The  spontaneous  polarization  was  calculated  by  combining 
the  strain  data  with  the  electrostrictive  constants  from  Reference  13.  The  experi¬ 
mentally  obtained  polarization  and  theoretical  fit  of  the  data  are  shown  in  Figure 
5.  The  values  of  the  constants  which  give  the  best  fit  of  the  data  are  listed  in  Table  I. 
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FIGURE  5  The  spontaneous  polarization  P,  ot  PbTiO,  and  PZT  3268  plotted  versus  temperature 
The  data  points  were  calculated  from  the  experimental  spontaneous  strain  data  plotted  in  Figuie  4. 
and  the  electrostrictive  constants  trom  Reference  13  The  solid  curves  are  theoretical  Ins  ot  the  data 


TABLE  l 

Constants  used  to  Fit  the  Spontaneous 
Strain  Data  and  to  Calculate  tne 
Spontaneous  Polarization  Data  for  the 
Tetragonal  Compositions 


PbTiO, 


rc(°C)  492.2 

r„(’C)  478  8 

Tc  -  r,(‘C)  13  4 

tIC(lO-:)  -0  362 

t,c(10-;)  124 

Qu  ( lO-;nv,'C:)  8  9 

GMIO-WO  -36 

R, c(C  m;)  0  373 

a,,C(lO,*m,#C  C:F)  -10  878 

a,,,C(  lO'-'m^C  C‘F)  3^09 

PZT  3268 

rv  =  t.,c  a  4362 

jQt i  -  15  4% 

aQr  4  8W 

f>(’C")  10307 

Q„  (10-;m/'C:)  "'0 

(2,.  (10-;m4  C:)  -2  43 

j(10--C:m4)  -2.0125 

a,,C(  10,J  m5°C'C;F)  2.7224 

amC(l0,J  tn^CCF)  -5  5091 
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IV.  RHOMBOHEDRAL  COMPOSITIONS 

The  spontaneous  polarization  ot‘  the  high-temperature  rhombohedral  state  can  be 
solved  from  the  quadratic  first  partial  derivative  stability  condition  [Equation  ( lb) 
in  Reference  1\: 


P\  = 


zi  i  [£  -  ^i£: 


!l) 


where  L,  =  3(au  +■  a12),  and  £  =  3alu  -  6alI2  +  al23 


(22) 


As  in  the  tetragonal  case  the  numerator  and  denominator  of  this  equation  were 
multiplied  by  the  Curie  constant  C  to  relate  P-,  to  the  new  constants: 


P\  = 


-cC  -  [ucy  -  9a,C£C]i: 
3£C 


(23) 


where  CC  =  3(aHC  al2C),  and  £C  =  3aulC  -  6al!2C  -  a12;.C  (24) 

If  the  cubic-rhombohedral  transition  is  second  order  then  T„  =  Tt.  and  the 

following  relation  results  from  Equations  (5)  and  (23): 

P\  =  a{  1  -  [l  -  b(T  -  Tc)]i:}. 

where  a  =  -£C(3£C).  and  b  =  9£C [2e„( CC)-]  (25) 

The  a  and  b  relations  can  also  be  rearranged  in  terms  of  £C  and  £C. 

(C  =  -  3'(2s0Cab)  £C  =  1  (2e„Ca:b)  (26) 

A  similar  relation  can  be  found  for  the  spontaneous  strain  x 4  by  substituting 

Equation  (25)  into  Equation  (23)  from  Reference  7: 

*4  =  aQxt  {I  -  (1  -  b(T-  Tc)}'-}  (27) 

As  in  the  tetragonal  case  at  Tc.  if  the  cubic-rhombohedral  transition  is  first  order, 
then  a  different  procedure  must  be  used  to  evaluate  the  coefficients.  At  Tc  the 
energies  of  the  cubic  and  rhombohedral  phases  must  be  equal  (Equations  (8)  and 
(10)  in  Reference  7],  and  the  first  partial  derivative  stability  condition  [Equation 
( 16)  in  Reference  7]  must  be  satisfied: 

0  =  3aic  -  iP\c  -  £P10  and  (28) 

0  =  alC  +  t  iP\c  ^  £/>fc.  (29) 

where  aic  and  PiC  are  a,  and  P%  at  Tc. 

Substituting  Equation  (14)  into  Equations  (28)  and  (29)  and  solving  for  the 
temperature  independent  coefficients  £  and  £  results  in: 

-3 {Tc  -  r„)  3 (Tc  -  Id 

4  e0  CP2yC  •  %  2e„CP-c 


(30) 
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Multiplying  these  relations  by  the  Curie  constant  C.  equations  result  for  the  new 
constants  £C  and  £C: 


= 


—  3(  Tc  -  T0) 
P\c 


kc  = 


Hie  -  r„) 

2? 


(31) 


Substituting  Equations  (31)  and  (5)  into  Equation  (23)  or  substituting  Equations 
(30)  and  (4)  into  Equation  (21)  results  in  the  following  relation: 


PI  = 


where  'P 


3(7-  -  Tp) 

4 (Tc  -  r») 


(32) 


This  equation  is  the  same  as  Equation  ( 17)  derived  for  the  spontaneous  polarization 
of  the  tetragonal  state,  except  that  P3  and  P:<  in  this  case  refer  to  the  rhombohedral 
phase. 

A  similar  relation  can  be  derived  for  the  spontaneous  strain  bv  substituting 
Equation  (32)  into  Equation  (23)  from  Reference  7: 

x*  =  VxiC.  where  xiC  =  QuP\c  (33) 

Either  Equation  (27)  or  (33)  was  used  to  fit  the  experimental  high-temperature 
rhombohedral  spontaneous  strain  data  from  Reference  6.  The  transition  temper¬ 
ature  Tc  was  first  determined  from  the  fit  of  the  experimental  phase  diagram 
[Equation  (20)].  and  then  values  of  the  remaining  two  unknown  constants  were 
found  that  gave  the  best  least-squares  fit  of  the  data.  The  best  fit  of  the  PZT  90/10 
data  was  found  to  be  slightly  first  order,  while  the  best  fits  of  the  PZT  SO  20.  70/ 
30.  and  60/40  compositions  were  second  order.  The  stain  data  was  then  used  to 
calculate  the  spontaneous  polarization  through  the  electrostrictive  constants  from 
Reference  13.  as  shown  in  Figure  6.  The  values  of  the  constants  used  in  the 
calculations  are  listed  in  Table  II. 


V.  FITTING  THE  MORPHOTROPIC  PHASE  BOUNDARY 

In  the  last  two  sections  constants  involving  the  product  of  the  Curie  constant  and 
the  fourth  and  sixth  order  tetragonal  (auC  and  atllC)  and  rhombohedral  (C,C  and 
£C)  dielectric  stiffness  constants  were  determined  from  spontaneous  strain  and 
electrostrictive  data.  auC  and  amC  were  determined  for  PbTiOj  and  PZT  32,63. 
and  C,C  and  |C  for  PZT  90/10.  80/20.  70/30.  and  60/40  compositions.  In  addition 
to  these  data,  values  of  C,C  and  $C  were  calculated  for  PbZrOv1'  A  value  of  CC 
was  also  determined  for  PbTiOj.11 

From  the  above  data  the  compositional  dependences  could  be  estimated  for  £C 
from  PbZrOj  to  PbTiOj.  for  only  across  the  rhombohedral  phase  field,  and  for 
a,,C  and  amC  only  across  the  tetragonal  phase  field.  Additional  data  were  there¬ 
fore  needed  to  determine  the  compositional  dependence  of  all  of  these  constants 
across  the  entire  PZT  system. 

The  t,C  [=  3(au  +  al2)C|  data  was  plotted  in  Figure  7  (c)  versus  composition. 
These  data  were  fit  with  the  following  equation: 

£C  =  [(a  +  bx)  exp-"  +  dx  +  e]l014. 


(34) 
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TEMPERATURE  (°C) 


FIGURE  6  The  spontaneous  polarization  P ,  (the  component  of  Ps)  of  the  high-temperature  rhom- 
bohedral  phase  for  the  PZT  90/10.  80/20.  '’0/30.  and  60/40  compositions  plotted  versus  temperature. 
The  data  points  were  calculated  from  the  experimental  spontaneous  strain  data  Reference  b  and  the 
electrostrtctive  constants  from  Reference  16.  The  solid  curves  are  theoretical  tits  ot  the  data. 


where  a  =  -9.6.  b  =  -0.012501,  c  =  12.6.  d  =  0.42743.  e  =  2.6213.  exp  is  the 
exponential  function,  and  x  is  the  mole  fraction  of  PbTiOj  in  PZT.  This  equation 
was  then  used  to  calculate  (C  versus  composition. 

The  rhombohedral  sixth-order  dielectric  stiffness  (£)  cannot  become  negative 
when  the  rhombohedral  phase  is  metastable,  and  the  stable  tetragonal  phase  under¬ 
goes  a  second-order  transition  to  the  cubic  state.  The  [=  3alu  -  6a,, 2  +■ 
a,,3)C]  data  from  the  last  section  showed  that  this  constant  does  decrease  across 
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TABLE  II 


Constants  used  to  Fit  the  Spontaneous  Strain  Data  and  to  Calculate 
the  Spontaneous  Polarization  Data  tor  the  Rhombohedrai 
Compositions 


PZT  90/10 

TcCC) 

257  674 

T,CQ 

257  655 

Tc  -  To  CC) 

0.019 

o 

i 

3.5328 

C„(10-=mJ'C=) 

4.9 

Pic  (C/m*) 

0  0329 

CC(101J  m5°C.  C:F) 

-0  059390 

iC  ( 10‘5  m^CC'F) 

2.  "458 

PZT  80/20 

PZT  "0/30 

PZT  6040 

T.  =  T„CC) 

298  40 

334  41 

366  16 

dQ^HQ-'l 

-2  2600 

-  1  "487 

-  5  4730 

b{  10--  ’C") 

2  2808 

2.8542 

0  55338 

Q u.  (10-;  nC'C2) 

5  17 

5  52 

6  29 

a{  10*:  C:'nr*) 

-4.3713 

-3.1679 

-8  7091 

CCn0,J  mJ5C/C:F) 

1  6992 

1  8737 

l  9715 

i=C(1015  m^C/CF) 

3  5153 

3  5153 

l  3454 

the  rhombohedrai  phase  field  towards  the  lead  titanate  composition,  and  may  level 
off  without  becoming  negative.  To  keep  this  constant  from  becoming  negative.  %C 
was  assumed  to  be  equal  to  aluC  at  the  lead  titanate  composition.  This  is  the  same 
as  assuming  that  a^C  is  equal  to  six  times  au,C  for  PbTiOj.  This  data  point  was 
plotted  in  Figure  8  (d)  along  with  the  rest  of  the  tC  data,  which  were  then  fitted 
with  the  following  equation: 

(jC  =  [( a  -r  bx)  exp ~oc  -  dx  -  e]10u.  (35) 

where  a  =  16.225,  b  =  -0.088651.  c  =  21.255,  d  =  -0.76973.  e  =  0.887.  and 
x  is  the  mole  fraction  of  PbTi03  in  PZT.  This  equation  was  then  used  to  calculate 
£C  versus  composition. 

The  morphotropic  phase  boundary,  where  the  energies  of  the  tetragonal  and 
high-temperature  rhombohedrai  phases  must  be  equal,  was  used  to  extrapolate  the 
auC  and  amC  constants  into  the  rhombohedrai  phase  field.  The  energies  of  the 
tetragonal  and  high-temperature  rhombohedrai  phases  were  defined  by  Equations 
(9)  and  (11)  in  Reference  7.  Multiplying  these  equations  by  the  Curie  constant 
results  in  the  following  relations: 

Ft  AGC  =  a  yCP\  +  <xnCP i  +  alllCP°i  (36) 

FRiHT)  1GC  -  3<xlCPj  4-  ;CPi  +  $CP°>  (37) 

Since  the  Curie  constant  is  the  same  for  the  tetragonal  and  rhombohedrai  phases, 
the  product  of  AG  and  C  for  these  two  phases  should  be  equai  at  the  morphotropic 
boundary. 

From  the  data  presented  in  the  last  two  sections,  the  paraelectnc-ferroelectnc 
transition  appears  to  be  second  order  on  both  sides  of  the  morphotropic  boundary, 
and  thus  Tt)  =  Tc.  The  relation  for  Tc  [Equation  (20)]  was  therefore  used  to 
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MOLE  FRACTION  PbTi03  IN  PZT 


FIGURE  7  The  product  of  the  fourth-order  dielectric  stiffness  coetficients  and  the  Curie  constant. 
The  data  points  were  determined  from  the  expenmental  measurements.  The  solid  curves  are  theoretical 
fits  of  the  data. 


calculate  T0,  which  is  needed  to  determine  a,C  versus  composition  [see  Equation 
(5)).  Using  this  procedure  to  calculate  oqC  with  C,C  and  §C  determined  from  Equa¬ 
tions  (34)  and  (35),  the  product  of  the  energy  AC  and  the  Curie  constant  for  the 
rhombohedral  state  could  be  calculated  using  Equation  (37). 

A  computer  program  was  written  to  extrapolate  the  ctnC  and  aulC  constants 
into  the  rhombohedral  phase  field  by  fitting  the  morphotropic  boundary.  The  first 
step  was  to  make  initial  guesses  for  the  values  of  ctn^  an^  otmC  for  PbZrOj.  A 
quadratic  fit  of  these  data  and  the  values  of  anC  and  a1MC  determined  in  Section 
III  for  the  PZT  32'68  and  PbTiO,  compositions  were  then  made  using  the  following 
equation: 

anCoramC  =  (a  +  bx  +  cx1)  10U  (38) 

The  product  of  the  energy  AC  and  the  Curie  constant  of  the  tetragonal  state  could 
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FIGURE  3  The  product  ot  the  sixth-order  dielectric  stillness  coetticients  and  the  Curie  constant  The 
data  points  were  determined  from  the  experimental  measurements  Tne  M>lid  curves  are  theoretical  tits 
of  the  data. 


now  be  calculated  using  Equation  (36).  The  morphotropic  boundarv  was  then 
calculated  from  the  cross  over  of  the  (AGC)  products  of  the  two  phases,  and  a 
least-squares  error  with  the  experimental  data  was  calculated.  New  values  ot  a ,;C 
and  aiaC  for  PbZrOj  were  chosen,  and  the  procedure  repeated  until  the  best  least- 
squares  fit  of  the  morphotropic  boundary  was  obtained.  The  final  fit  is  shown  in 
Figure  2  of  Reference  10  by  the  solid  curve.  The  values  and  final  fittings  of  the 
auC  and  a(llC  constants  are  plotted  in  Figures  7  and  8.  In  Equation  (38)  the  final 
constants  for  auC  were  a  =  10.612.  b  =  -22.655,  and  c  =  10.955;  and  for  aUiC 
were  a  =  12.026.  b  =  -17.296.  and  c  =  9.1790. 

This  program  visually  demonstrated  how  the  shape  of  the  morphotropic  boundary 
could  be  changed  by  varying  the  dielectric  stiffness  coefficients.  Depending  on  the 
values  of  the  coefficients  chosen,  the  phase  boundary  could  be  shifted  either  towards 
PbZrOj  or  PbTiOj,  and  the  shape  could  be  changed  from  vertical  to  curved.  The 
bending  of  the  boundary  could  also  be  made  to  go  towards  PbZrO-.  or  PbTiO,. 

The  ai:C  constant  can  be  calculated  from  the  auC  and  (C[  =  3(a,,  -  ai:)C| 
constants: 


arC  =  (C/3  -  a „C  (39) 

Using  this  relation  and  Equations  (3-i)  and  (38)  for  (C and  a,,C  ai:C  was  calculated 
versus  composition  as  shown  in  Figure  7. 

When  a,,C  or  (C  changes  sign  tricritical  points  occur,  and  the  cubic-tetragonal 
or  cubic-rhombohedral  transition  changes  from  first  to  second  order.  As  shown  in 
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Figure  7  tricritical  points  (labeled  TCP)  occur  at  the  PbfZr^TijOj  compositions 
with  values  of  .t  equal  to  0.102  and  0.717.  Between  these  tricritical  points  the 
paraelectric-ferroelectric  transition  is  second  order,  and  first  order  regions  exist 
near  the  end  members  PbZr03  and  PbTi03.  In  the  first  order  regions  the  Tc  -  T, , 
difference  and  spontaneous  polarization  at  Tc  (P3C)  can  be  calculated  from  the 
following  relations  derived  from  equations  (16)  and  (31): 

Ft  P>c=  [-auC/(2aluCr-,  Tc  -  T0  =  s0(auC)2/(2aluC)  (40) 

Fr(ht)  Pic  =  [-?C7(24C)]1/2,  Tc  -  T0  =  e0(CC)2/(6^C)  (41) 

Using  Equations  (34).  (35),  and  (38)  to  calculate  the  constants  in  these  equations. 
P3C  and  Tc  -  T0  were  calculated  as  shown  in  Figure  9. 

Tc  data  from  the  experimental  phase  diagram  were  used  with  the  preceding 
Tc  -  T0  calculations  to  determine  Tt)  data  in  the  first-order  regions.  These  data 
were  then  combined  with  the  Tc  data  from  the  second-order  region,  which  is  equal 
to  70,  and  fit  with  the  following  polynomial  equation: 

70  =  a  +  bxz  +  cx 3  +  dx*  4-  ex5  +  fxb,  (42) 

where  a  =  189.48.  b  =  843.40.  c  =  -2105.5.  d  =  4041.8.  e  =  -3828.3.  /  = 
1337.8.  and  x  is  the  mole  fraction  of  PbTi03  in  PZT. 

Tc  was  then  calculated  from  the  following  relation: 

Tc  =  {Tc  -  To)  +  70.  (43) 


MOLE  FRACTION  PbTi03  IN  PZT 


FIGURE  9  The  spontaneous  polarization  at  TclP*c)  {(a)  and  (b)|  and  the  Tc  -  T. ,  difference  [(c) 
and  (d)|  plotted  versus  composition  in  the  tirst  order  regions  of  the  phase  diagram. 
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where  T0and  Tc  -  T0  were  calculated  from  Equations  (40)— (42).  Tc  was  calculated 
from  this  equation  and  plotted  in  Figure  2  of  Reference  10  along  with  the  exper¬ 
imental  data.  Equation  (42)  and  (43)  were  used  to  calculate  T0  and  Tc  throughout 
the  rest  of  this  series  of  papers. 


VI.  SUMMARY 

Pi.gh-temperature  x-ray  diffraction  data  on  sol-gel  derived  PZT  32/68  powder  were 
presented,  and  used  with  electrostrictive  data  to  calculate  the  spontaneous  polar¬ 
ization.  These  data  were  used  with  previously  published  data  to  determine  the 
values  of  the  higher-order  dielectric  stiffness  coefficients  at  several  compositions. 
The  compositional  dependence  of  each  coefficient  was  determined  by  fitting  these 
values  with  an  equation.  A  set  of  equations  was  then  established  that  can  be  used 
to  calculate  values  of  the  coefficients  at  any  composition. 

All  of  the  coefficients  were  assumed  to  be  independent  of  temperature,  except 
the  dielectric  stiffness  coefficient  av,  which  was  given  a  linear  temperature  de¬ 
pendence  based  on  the  Curie-Weiss  law.  The  experimental  phase  diagram  was 
extensively  used  in  the  evaluation  of  the  coefficients,  by  requiring  that  the  energies 
of  the  adjacent  phases  be  equal  at  the  boundaries.  The  first  partial  derivative 
stability  conditions  were  also  used  as  additional  relations  in  the  evaluation  pro¬ 
cedure. 

The  fourth-order  tetragonal  (an)  and  rhombohedral  (an  -  a12)  dielectric  stiff¬ 
ness  coefficients  were  found  to  change  sign  as  a  function  of  composition,  indicating 
that  two  tricritical  points  occur  in  the  PZT  system,  where  the  paraelectnc-ferro- 
electric  phase  transition  changes  from  first  to  second  order.  By  extrapolating  be¬ 
tween  the  data  points,  the  tricritical  points  were  found  to  occur  a:  Pb(Zrt_vTi()0? 
compositions  with  x  equal  to  0.102  and  0.717.  The  transition  was  first  order  from 
the  end  members  to  the  tricritical  points,  and  then  a  large  second  order  region 
occurs  across  the  phase  diagram  between  the  tricritical  points. 

The  tricritical  point  on  the  lead  zirconate  side  of  the  phase  diagram  was  previously 
found  to  occur  at  the  PZT  94/6  composition. :  four  percent  closer  to  lead  zirconate 
than  indicated  by  this  study.  This  difference  may  simply  be  due  to  the  experimental 
error  involved  in  the  measurements  and  theoretical  fitting,  or  may  be  related  to 
differences  in  homogeneity  of  the  powder?  used  (mixed-oxide  versus  sol-gel). 

Haun  et  al*  indicated  that  the  second  tricritical  point  occurred  near  or  possibly 
at  the  morphotropic  boundary.  With  the  more  recent  data  presented  in  this  paper 
and  a  more  careful  analysis  of  the  previous  data,  the  second  tricritical  point  appears 
to  be  located  at  the  PZT  28/72  composition  as  described  above.  Differential  Scan¬ 
ning  Calorimetric  (DSC)  data  on  the  sol-gel  powders  prepared  in  this  project  also 
indicated  that  the  second  tricritical  point  occurs  near  the  PZT  28/72  composition. 
The  shape  of  the  DSC  peaks  at  Tc  changed  from  sharp  narrow  peaks  (first  order) 
to  very  broad  peaks  (second  order)  at  this  composition.  Additional  work  on  pre¬ 
paring  homogeneous  PZT  powders,  and  then  determining  the  lattice  constants  as 
a  function  of  temperature  from  high-temperature  x-ray  diffraction  is  needed  to 
locate  the  tricritical  points  more  precisely. 
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Values  of  the  Curie  constant  tC)  and  sixth-order  polarization  interaction  dielectric  stiffness  coefficients 
|ali;  and  a,;3)  are  needed  for  the  development  of  a  thermodynamic  theory  for  the  entire  lead  zirconate- 
titanate  (PZT)  solid  solution  system.  Low-temperature  dielectric  data  measured  on  pure  homogeneous 
polycrystalline  PZT  samples  were  used  to  determine  values  of  these  coefficients  at  several  compositions 
across  the  phase  diagram.  Equations  were  then  fitted  to  these  data  to  determine  the  compositional 
dependence  of  the  coefficients.  The  Curie  constant  was  found  to  form  a  peak  in  the  middle  ot  the  phase 
diagram  at  the  PZT  50/50  composition. 


I.  INTRODUCTION 

This  paper  is  the  third  paper  tn  a  series  of  five  papers1  “4  describing  the  development 
of  a  thermodynamic  theory  for  the  entire  lead  zirconate-titanate  (PZT)  solid  so^ 
lution  system.  Values  of  the  Curie  constant  (C)  and  sixth-order  polarization  in¬ 
teraction  dielectric  stiffness  coefficients  (all2  and  al23)  are  needed  for  the  devel¬ 
opment  of  this  theory. 

Due  to  the  lack  of  experimental  data,  the  Curie  constant  was  originally  assumed 
to  be  independent  of  composition  in  the  theory  developed  for  the  single-cell  region 
of  the  PZT  system.5  Amin  et  al P  later  found  from  a  combination  of  calorimetric 
and  phenomenological  data  that  the  Curie  constant  was  dependent  on  composition 
with  a  peak  forming  near  the  morphotropic  boundary  between  the  tetragonal  and 
rhombohedral  phases.  The  theory  was  then  modified  to  account  for  the  compo¬ 
sitional  dependence  of  the  Curie  constant.'  The  Curie  constant  data  determined 
by  Amin  et  alP  extends  from  lead  titanate  to  the  morphotropic  boundary  between 
the  tetragonal  and  rhombohedral  phases.  Additional  data  were  needed  to  complete 
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the  compositional  dependence  of  the  Curie  constant  from  the  morphotropic  bound¬ 
ary  to  lead  zirconate. 

In  this  paper  values  of  C,  au2,  and  al23  will  be  determined  as  a  function  of 
composition  from  low- temperature  polycrystalline  dielectric  data.  In  the  next  sec¬ 
tion  the  results  of  the  low-temperature  dielectric  measurements  will  be  presented. 
These  data  will  then  be  used  in  Section  III  to  determine  values  of  C,  au2,  and 
aI23.  A  summary  of  this  paper  will  be  presented  in  Section  IV. 

II.  LOW-TEMPERATURE  DIELECTRIC  MEASUREMENTS 

Additional  experimental  data  were  needed  to  determine  values  of  the  Curie  con¬ 
stant  and  au2  and  a123  coefficients.  Low-temperature  polycrvstalline  dielectric  data 
were  chosen  for  this  purpose.  At  low  temperatures  the  thermally  activated  con¬ 
tributions  to  the  dielectric  properties  should  "freeze  out".  The  remaining  dielectric 
properties  were  assumed  to  be  due  to  an  averaging  of  the  single-domain  properties. 

Zhuang  et  al. %  fabricated  pure  homogeneous  polycrvstalline  ceramic  PZT  samples 
from  sol-gel  derived  powders.  The  same  procedure  was  used  to  prepare  disc  shaped 
samples  for  use  in  this  study.  The  samples  were  cut  and  polished,  and  sputtered 
with  gold  electrodes.  The  samples,  with  thermal-resistance  wires  attached  as  leads, 
were  then  shielded  in  a  copper  enclosure  in  an  Air  Products  and  Chemicals  model 
LT-3- 110  cryogenics  system  to  cool  the  temperature  to  4.2  K.  The  dielectric  constant 
and  loss  were  measured  at  l  KHz  on  a  Hewlett  Packard  4270A  automatic  digital 
capacitance  bridge. 

After  measuring  the  dielectric  properties  on  the  unpoled  samples  at  4.2  K.  the 
same  samples  were  poled  with  electric  fields  of  20  to  40  KV'cm  for  4  to  30  minutes. 
The  piezoelectric  strain  coefficient  ci33  was  measured  using  a  Berlincourt  Piezo-c/-., 
meter  to  determine  the  completeness  of  poling.  The  poled  samples  were  then  cooled 
back  down  to  4.2  K,  and  the  dielectric  properties  were  remeasured.  The  unpoled 
(e3J),  and  poled  (e33,  parallel  to  the  poling  direction)  dielectric  constant  data  are 
listed  in  Table  I. 

The  Bruggeman  formula9  was  used  to  relate  the  poled  (e3£)  and  unpoled  (eJ3) 
dielectric  constants  of  the  tetragonal  and  rhombohedral  polycrystalline  samples  to 
the  single-domain  constants  (eu  and  e33): 

e£,  =  Heu  -  2d(eu  +  e33)  +  {[en  -  2ft(su  +  e33)]2  f  8eue33}i:)  (l) 

Ejj  =  4(eu  +  {£Ti  +  8eue33}1'-)  (2) 

eu  and  e33  are  the  dielectric  constants  perpendicular  and  parallel  to  the  poling 
direction,  and  ■&  is  the  fraction  of  90°  or  7l°(109°)  domain  alignment.  esi  and  e33 
were  assumed  to  be  equal  to  the  dielectric  susceptibilities  r\u  and  ti33  (actually 
e,;  =  t|I(  +  1)  for  the  tetragonal  compositions,  and  to  Tin  and  t|33  for  the  rhombo¬ 
hedral  compositions  [see  Equations  (27)  and  (29)  in  Reference  I], 

In  addition  to  the  poled  and  unpoled  ceramic  dielectric  constants,  the  fraction 
of  90°  or  71°(109°)  domain  alignment  d  is  required  in  Equations  (1)  and  (2)  to 

calculate  the  single-domain  constants.  Turik  et  al.9  used  an  x-ray  method  to  de¬ 

termine  &  as  a  function  of  composition.  These  data  were  used  to  approximate 
values  of  ft  as  listed  in  Table  I. 

The  differences  between  the  poled  and  unpoled  ceramic  dielectric  constants  at 
low  temperatures  (listed  in  Table  I)  showed  a  similar  behavior  as  was  seen  at  room 
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TABLE  I 

The  dielectric  constant  at  4.2  K  on 
poled  (e^j)  and  unpoled  (eJ})  ceramic 
samples  and  the  traction  of  90°  (or  71. 
109°)  domain  alignment  0 


Zr/Ti 

9P 

d 

94/6 

93  2 

87  2 

0.65 

90/10 

106.2 

101.1 

0.65 

70/30 

139.4 

135.3 

0.65 

60/40 

173.2 

156.2 

0.63 

54/46 

282.6 

232.5 

0.50 

52/48 

324.3 

303.0 

0.34 

50/50 

326  8 

328.4 

0.30 

40/60 

200  6 

202.0 

0.23 

temperature. g  10  By  poling  the  samples  the  dielectric  constant  decreased  tor  the 
rhombohedral  compositions,  and  slightly  increased  for  the  tetragonal  compositions. 
Turik  et  al9  attributed  these  changes  from  poling  as  being  due  to  the  reduction  of 
the  clamping  effect  from  180°  domain  walls.  When  180°  domains  are  present,  the 
dielectric  constant  is  lowered  from  a  clamping  effect  between  these  domains.  By 
poling  a  ceramic  sample  virtually  all  of  the  180°  domains  reorient  closest  to  the 
poling  direction,  and  the  clamping  effect  is  reduced  causing  the  dielectric  constant 
to  increase. 

However,  90°  or  71°(  109°)  domain  reorientation  also  occurs  during  poling,  which 
decreases  the  dielectric  constant  if  s,3  is  less  than  en.  Thus  the  dielectric  constant 
will  increase  or  decrease  after  poling  depending  on  which  of  these  competing 
mechanisms  dominates.  In  the  tetragonal  state  the  small  fraction  of  the  90°  domains 
that  realign  during  poling  does  not  quite  cancel  out  the  increase  in  dielectric  constant 
from  the  reduction  of  the  clamping  effect  of  the  180°  domains,  and  therefore  the 
dielectric  constant  increases  slightly.  In  the  rhombohedral  state  a  large  fraction  of 
the  71°(109°)  domains  align  during  poling  and  dominate  the  increase  from  the 
reduction  of  the  clamping  effect,  causing  the  dielectric  constant  to  decrease.  In 
addition,  a  smaller  fraction  of  180°  domains  exist  in  a  rhombohedral  ceramic  com¬ 
pared  to  a  tetragonal  one.11 

Because  of  the  clamping  effect,  as  described  above.  Equations  (1)  and  (2)  were 
only  used  to  calculate  the  single-domain  dielectric  susceptibilities  and  for 
the  rhombohedral  PZT  94/6  through  54/46  compositions  using  the  data  from  Table 
I  at  4.2  K.  This  data  is  listed  in  Table  II.  The  single-domain  dielectric  susceptibilities 
of  the  PZT  52'48,  50/50,  and  40/60  compositions  will  be  calculated  using  a  different 
procedure  in  the  next  section.  The  single-domain  data  will  then  be  used  to  calculate 
values  of  the  Curie  constant,  and  the  ali:  and  ai:3  coefficients. 


III.  EVALUATION  OF  THE  CURIE  CONSTANT  AND  SIXTH-ORDER 
POLARIZATION  INTERACTION  DIELECTRIC  STIFFNESS 
COEFFICIENTS 

In  the  second  paper  in  this  senes-  the  compositional  dependences  of  the  otuC. 
aluC,  £C,  and  £C  constants  were  determined.  These  constants  together  with  the 
a,C  constant  can  be  used  to  calculate  the  spontaneous  polarization  and  AG  C  of 
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TABLE  II 


Calculations  from  (he  low  temperature  ceramic  dielectric  data 


ZrTi 

or 

Till 

tljj 

or 

*h3 

C 

( 10s  :C) 

«n;C 

10“  m*CC‘F) 

a  ,,-C 

( 10**  mTC'F) 

Rhombohedral 
94/6  98.0 

84.1 

2.0031 

13  905 

-3  3019 

90/10 

110.2 

98.4 

2.0823 

7  0625 

-  1  8033 

70/30 

142.6 

133.1 

2.1648 

3  3549 

-  1.5592 

60/40 

187.5 

146.8 

2.4243 

3  1431 

-  1  5008 

54/46 

338.4 

189.4 

3  1714 

2.4256 

-  1  1019 

52/48 

392.3 

243  3 

4  0965 

— 

— 

50/50 

429  7 

254.1 

4  2962 

— 

— 

Tetragonal 

40/60'  325  I 

110  4 

2  6951 

— 

— 

the  tetragonal  and  high  temperature  rhombohedral  phases  (Equations  (7).  (23). 
(36).  and  (37)  in  Reference  2],  In  addition  to  these  constants,  the  Curie  constant 
C,  and  the  polarization  interactions  coefficients  a12.  aU2,  and  a,:3  are  required  to 
calculate  the  second  derivative  properties,  such  as  the  dielectric  properties  (see 
Equations  (27)  and  (29)  in  Reference  1]. 

The  a12C  constant  was  calculated  from  the  auC  and  £ C  (  =  3(au  -  ai;)  C] 
constants  in  Reference  2.  A  combination  of  the  a U2C  and  av23C  constants  can  be 
calculated  from  the  aulC  and  E C  [  =  (3am  -  6au2  +  a123)  C\  constants  with  the 
following  relation: 


(6au2  ~  al23)  C  =  %C  -  3an,C  (3) 

Using  this  equation  allowed  (6au2  -  al23)  C  to  be  calculated  from  the  values  of 
the  EC  and  a mC  that  were  determined  m  Reference  2.  but  additional  data  were 
still  needed  to  separate  the  all2C  and  al23C  constants. 

The  low-temperature  dielectric  data  presented  in  the  last  section  were  used  to 
calculate  the  Curie  constant  and  to  separate  the  dielectric  stiffness  coefficients  au2 
and  a!23.  To  accomplish  this  the  high-temperature  rhombohedral  equations  were 
used  at  low  temperatures,  where  actually  the  low-temperature  rhombohedral  phase 
is  stable,  because  of  the  following  reasons. 

To  calculate  the  dielectric  susceptibility  coefficients  of  the  low-temperature  rhom¬ 
bohedral  phase,  the  polarization-tilt  angle  coupling  coefficients  must  be  deter¬ 
mined,  in  addition  to  the  dielectric  stiffness  coefficients  (see  Equation  (30)  in 
Reference  1].  The  dielectric  properties  have  been  experimentally  shown  to  only 
change  very  slightly  at  the  transition  between  the  high  and  low  temperature  rhom¬ 
bohedral  phases.12  A  fairly  good  assumption  can  tnen  be  that  the  dielectric  sus¬ 
ceptibility  coefficients  of  the  high  and  low  temperature  rhombohedral  phases  are 
equal  at  the  transition  between  these  phases.  Using  this  assumption  with  the  meth¬ 
ods  described  in  this  paper  and  the  second  and  fourth  papers  of  this  series  to 
determine  the  other  coefficients,  the  constants  needed  to  calculate  the  dielectric 
susceptibilities  of  the  low-temperature  rhombohedral  phase  can  be  solved  for. 

However,  when  using  the  low-temperature  rhombohedral  dielectric  susceptibility 
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equations  and  the  experimental  ceramic  data  at  low  temperatures  in  the  present 
theory  (tilt  angle  coefficients  are  independent  of  temperature  and  only  go  up  to 
the  fourth  order),  the  resulting  values  of  the  Curie  constant  will  not  agree  with  the 
available  experimental  data.  A  temperature  dependence  was  added  to  the  second 
order  tilt  angle  related  coefficient  [0!  in  Equation  (1)  of  Reference  l],  but  this  still 
did  not  resolve  the  problem.  Probably  what  is  needed,  in  addition  to  this  temper¬ 
ature  dependence,  is  to  add  a  sixth-order  tilt  angle  term  to  the  energy  function. 
But  if  this  is  done  the  equations  for  the  spontaneous  polarization  and  tilt  angle 
will  change  from  quadratic  to  quartic.  At  this  point  the  additional  complexity 
resulting  from  a  sixth-order  tilt  angle  term  is  probably  not  warranted,  and  there  is 
not  enough  experimental  data  available  to  properly  determine  these  additional 
constants. 

The  question  now  is  how  can  the  low-temperature  ceramic  dielectric  data  be 
used  to  determine  the  Curie  constant  and  to  separate  the  sixth  order  polarization 
interaction  coefficients,  if  the  low-temperature  rhombohedral  equations  will  not 
give  reasonable  results  with  the  present  theory.  The  dielectric  properties  of  the 
high  and  low  temperature  rhombohedral  phases  were  experimentally  found  to  be 
very'  similar  at  the  transition  between  these  phases.  If  the  dielectric  properties  of 
these  two  phases  remain  similar  down  to  low  temperatures,  then  the  high-tem- 
perature  rhombohedral  dielectric  susceptibilities  relations  could  be  used  at  low 
temperatures. 

Using  the  high-temperature  rhombohedral  relations  at  low  temperatures  pro¬ 
duced  very  reasonable  results.  A  Curie  constant  of  2  x  105°C  was  obtained  for 
the  PZT  90/10  composition,  which  is  in  excellent  agreement  with  experimental 
single-crystal  measurements. 12  Thus  this  indicates  that  the  high  and  low  temperature 
rhombohedral  dielectric  properties  are  probably  similar  down  to  even  very  low 
temperatures  (4  2  K).  The  high-temperature  rhombohedral  dielectric  susceptibility 
relations  were  therefore  used  for  the  dielectric  properties  of  both  the  high  and  low 
temperature  rhombohedral  phases,  which  appears  to  be  a  fairly  good  assumption. 

The  -Ha  and  data  for  the  rhombohedral  PZT  94/6  through  54/46  compositions 
were  used  to  calculate  the  Curie  constant,  and  to  separate  the  an2  and  al23  constants 
from  the  following  high-temperature  rhombohedral  dielectric  stiffness  relations: 

flu  =  C/{e0[(r  -  r0)/e0  +  l2anCP§  +  (30amC  +  12au2C  -  2 al23C)P?]}  (4) 

fl33  =  C/{e0[(r  -  T0)/ s0  +  4 iCP\  +  IQ&P®  (5) 

These  equations  were  derived  from  Equations  (29),  (33),  and  (40)  from  Reference  l. 

Equation  (5)  was  used  to  calculate  the  Curie  constant  from  the  t|33  data  in  Table 
II.  and  from  values  of  the  £C  and  i-C  constants  in  Equations  (34)  and  (35)  listed 
in  Reference  2.  Equations  (3),  (4),  and  (5)  were  then  combined  to  calculate  the 
a112C  and  a123C  constants  using  Equations  (38)  and  (42)  from  Reference  2 
determine  values  of  T0 ,  auC,  and  alHC.  The  C,  a,i2C.  and  a123C  data  are  listed 
in  Table  II. 

The  aU2C  data  listed  in  Table  II  with  the  lead  titanate  value  from  Reference  13 
were  fit  with  the  following  relation: 

all2C  =  a  exp-6'  +  cx  +  d. 


(6) 
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where  a  =  58.804.  b  =  29.397,  c  =  -3.3754.  d  =  4.2904.  exp  is  the  exponential 
function,  and  .t  is  the  mole  fraction  PbTi03  in  PZT. 

The  compositional  dependence  of  the  a  123C  constant  was  determined  from  the 
following  relation  derived  from  equation  (3): 

Ot  123 C  =  £0  —  ^«mC  ~  6ot ii2’  (7) 

where  fjC  and  amC  were  determined  from  Equations  (35)  and  (38)  from  Reference 
2,  and  au2C  was  determined  from  Equation  (6)  above. The  data  from  Table  II  and 
the  calculations  from  Equations  (6)  and  (7)  are  shown  in  Figure  1. 

The  Curie  constants  of  the  PZT  52/48  and  50/50  compositions  were  determined 
by  substituting  Equations  (4)  and  (5)  into  Equation  (1).  and  using  the  data 
from  Table  I.  along  with  the  dielectric  stiffness  constants  calculated  from  the  pre¬ 
viously  given  equations.  Values  of  ti,J  and  ti.i;,  were  then  calculated  from  Equations 
(4)  and  (5)  and  are  listed  in  Table  II.  This  procedure  was  also  used  for  the  tetragonal 
PZT  40/60  composition  using  Equations  (27)  and  (36)  from  Reference  l  for  the 
tetragonal  dielectric  susceptibilities.  The  values  of  C.  -nu.  and  TI33  are  listed  in  Table 
II. 
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FIGURE  1  Product  of  the  sixth-order  polarization  interaction  dielectric  stiffness  coefficients  and  the 
Cune  constant  plotted  versus  composition.  The  data  points  were  determined  from  experimental  data. 
The  solid  curves  are  fits  of  the  data  using  Equations  (6)  and  (7) 
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FIGURE  2  The  Cune  constant  plotted  versus  composition.  The  data  points  are  from  Table  II.  The 
solid  curve  is  a  fitting  of  the  data  using  Equation  (8). 


FIGURE  3  The  dielectric  susceptibility  coefficients  t)u  and  nj)  in  the  tetragonal  state  and  nu  ^nd 
t|j3  in  the  rhombohedra!  state  plotted  versus  composition  at  4.2  K.  The  data  points  are  trom  Table  II. 
except  for  the  points  at  PbTiO,  which  are  from  Reference  13  The  solid  curves  are  the  theoretical 
calculations  after  determining  the  compositional  dependence  of  the  coefficients. 
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The  best  least-squares  fit  of  the  following  relations  were  used  to  fit  the  com¬ 
positional  dependence  of  the  Curie  constant  using  the  data  listed  in  Table  II  along 
a  value  of  1.5  x  105°C  tor  PbTi03: 

For  x  ^  0.5:  C  =  (2.1716/(1  *  500.05*)2  -r  0.131*  +  2.0l]105 

(8) 

For*  &  0.5:  C  =  (2.8339/(1  +  126.56*)2  +  i.4132]105 

The  Curie  constant  data  and  fitting  from  this  equation  are  plotted  m  Figure  2. 
Amin  et  al.1  also  found  a  peak  to  occur  in  the  Curie  constant  at  the  PZT  50/50 
composition,  although  their  peak  value  was  somewhat  larger  than  the  results  pre¬ 
sented  here  (7.7  versus  4.3  x  105°C).  Tsuzuki  et  al.u  experimentally  found  Curie 
constant  values  of  5.8  and  6.0  x  105°C  from  single-crystal  dielectric  measurements 
on  PZT  50/50  and  51/49  compositions. 

The  dielectric  data  listed  in  Table  II  are  plotted  in  Figure  3,  along  with  the 
theoretical  calculations  using  the  constants  determined  in  this  paper.  The  cross 
over  of  the  ti^  and  ^33  coefficients  on  the  rhombohedral  side  of  the  diagram 
resulted  from  the  extrapolation  of  the  constants  between  the  compositions  where 
the  data  points  occur,  and  may  or  may  not  be  a  real  effect  in  the  material.  In  any 
case  the  dielectric  anisotropy  becomes  very  small  in  this  region.  A  more  detailed 
discussion  of  the  dielectric  anisotropy  will  be  provided  Reference  4. 


IV  SUMMARY 

The  dielectric  properties  were  measured  on  unpoled  and  poled  polycrvstalline 
samples  at  4.2  K.  These  data  were  used  to  calculate  the  single-domain  dielectric 
susceptibility  coefficients  using  the  Bruggeman  relation.  Values  of  the  Curie  con¬ 
stant  and  au2  and  a,23  coefficients  were  calculated  from  the  single-domain  data. 
Equations  were  then  used  to  fit  these  values  to  determine  the  compositional  de¬ 
pendence  of  the  coefficients  for  use  in  the  development  of  a  thermodynamic  theory 
for  the  PZT  system.  As  a  summary  of  this  paper  and  the  second  paper  of  the 
series,2  Table  III  gives  values  of  the  coefficients  of  the  energy  function. 

The  Curie  constant  was  found  to  form  a  peak  at  the  PZT  50/50  composition, 
similar  to  the  compositional  dependence  of  the  electrostrictive  constants.1'  This 
type  of  behavior  is  in  agreement  with  earlier  data  in  the  literature. 0 u  but  at  this 
point  it  is  not  clear  whether  the  peak  is  occurring  due  to  the  morphotropic  boundary 
between  the  tetragonal  and  rhombohedral  phases  or  due  to  some  other  effect.  The 
Curie  constant  is  a  constant  from  the  high-temperature  cubic  state,  and  thus  should 
probably  not  be  related  to  the  morphotropic  boundary.  By  studying  the  compo¬ 
sitional  dependence  of  these  constants  in  other  solid  solution  systems  where 
a  morphotropic  boundary  occurs  away  from  the  50/50  composition  (e.g.  Pb- 
(Mgl,3Nb23)0j-PbTi03  system]  may  help  to  resolve  some  of  these  questions. 
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\  alues  of  coefficients  related  to  the  tilting  of  the  oxygen  octahedra  m  the  low-temperature  rhombohedral 
phase  ot  the  lead  zirconate-titanate  (PZT)  solid  solution  svstem  are  needed  in  the  development  ot  a 
thermodynamic  theory  ot  the  PZT  system.  In  this  paper  these  coefficients  will  be  determined  trom 
experimental  spontaneous  strain  and  oxygen  octahedral  tilt  angle  data. 

Values  of  the  tilt  angle  related  coefficients  0t.  0U.  and  6  are  assumed  to  be  independent  of  tem¬ 
perature.  and  are  then  related  to  PL.  and  TR<  where  PL  and  0L  are  the  spontaneous  polarization 
and  tilt  angle  of  the  low-temperature  rhombohedral  phase  at  the  transition  temperature  TR  between 
tilted  and  untilted  structures. 

PL  and  dL  are  derived  from  experimental  data  for  the  PZT  90/10  composition,  and  used  together 
with  spontaneous  strain  values  at  this  composition  to  determine  electrostrtctive  [Q^)  and  rotostrictive 
iRu)  constants.  These  constants  are  then  m  turn  used  to  derive  PL  and  6^  values  tor  other  PZT 
compositions  from  spontaneous  strain  vs  temperature  at  each  composition,  and  in  the  tinal  paper  in 
this  sequence  to  derive  the  0,.  0U,  and  6  values  for  these  compositions 


I.  INTRODUCTION 

This  paper  is  the  fourth  paper  in  a  series  of  five  papers1  describing  the  devel¬ 
opment  of  a  thermodynamic  theory  for  the  entire  lead  zirconate-titanate  (PZT) 
solid  solution  system.  In  the  low-temperature  rhombohedral  phase  in  the  PZT 
system  the  oxygen  octahedra  tilt  or  rotate  about  the  polar  axis.  In  the  first  paper 
of  this  series  the  oxygen  octahedral  tilt  angle  was  included  in  the  PZT  energy 
function  as  an  order  parameter  [see  Equation  (1)  in  Reference  l]  to  account  for 
the  low-temperature  rhombohedral  phase.  In  this  paper  the  tilt  angle  related  coef¬ 
ficients  of  the  energy  function  will  be  determined. 


II.  EVALUATION  OF  THE  TILT  ANGLE  RELATED  COEFFICIENTS 

The  tilt  angle  related  coefficients  will  be  determined  from  the  available  experi¬ 
mental  low-temperature  rhombohedral  spontaneous  strain  and  tilt  angle  data.  Mul¬ 
tiplying  the  energy  of  the  low-temperature  rhombohedral  state  [Equation  (12)  in 


tNow  at  E.  I.  du  Pont  de  Nemours  &  Co..  Electronics  Dept..  Experimental  Station.  P  O  Box 
80334.  Wilmington.  DE,  19880-0334 

;Now  at  Allied-Signal  Inc.,  Metals  and  Ceramics  Laboratory.  P  O  Box  102 1R.  Morristown,  NJ. 
07960. 
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Reference  1]  by  the  Curie  constant  results  in  the  following  relation: 
Fr.lt,  ACC  =  3a XCP\  -  {CPj  -  {CP% 


-  3p,C05  -  3puC05  -  36CPIQ 5.  (1) 

where  <bC  =  (7u  -r  27i2  7jj)C  (2) 


{C  and  (jC  were  defined  by  Equation  (24)  in  Reference  2. 

Equations  for  the  spontaneous  polarization  Py  and  tilt  angle  03  can  be  found 
from  the  first  partial  derivative  relations  [Equations  (17)  and  (18)  in  Reference  l): 


P\  and  65 


-b  ~  [bl  -  4ac)i: 
2  a 


where  for  P\.  a  =  %C 


b  =  HC  -  <dC):i2(3uC) 

c  =  a,C  -  3iC6C/(20„C)  (3) 

and  for  dj:  a  =  4£c(0MC):/(<i>C)2 

b  =  6C  -  $3iiC'(60(3?C3,C/(6C)  -  CCJ 
c  =  a,C  -  0,0(60(^3,0(60  -  UC]  U) 

Values  of  the  a,C.  {C.  and  coefficients  were  determined  in  the  second  paper 
in  this  series.  Thus  the  tilt  angle  related  coefficients  3,C.  (3UC.  and  d>C  are  the 
only  unknown  coefficients  in  these  equations.  These  coefficients  were  assumed  to 
be  independent  of  temperature,  and  were  related  to  three  new  constants  at  the 
high  to  low  temperature  rhombohedral  transition  temperature.  TR.  using  the  first 
partial  derivative  stability  conditions  [Equations  ( 17)  and  ( 18)  in  Reference  1).  and 
by  equating  the  energies  of  the  two  phases  at  the  boundary  [Equations  ( l)  above 
and  Equation  (37)  in  Reference  2).  This  resulted  in  the  following  equations: 

6C  =  -  l/6i[2(3a„C  +  ai:C)(P&  "  Pi) 

+•  (15aulC  +  14a, :C  +  a123C)(P^  -  P*L)\  (5) 

3iC  *  -<bCP\  +  VBl:[(Tr  -  T„)/e t)(P-H  -  PZL) 

-  i iC(P*„  -  Pi)  -  \SQP%  -  PJJ  (b) 

P,,C  =  bDiffT/j  -  T0)/(2e,))(  P“h  ~  P'l) 

+  {02  (Ph  -  P>L)  -  {02  (P%  -  P%)  -  (3,C0i  -  (bCRieij  (7) 

PH  and  PL  are  the  spontaneous  polarization  of  the  high  and  low  temperature 
rhombohedral  states  at  TR.  <dL  is  the  tilt  angle  of  the  low-temperature  rhombohedral 
state  at  TR. 

PH  can  be  calculated  from  Equation  (23)  in  Reference  2  using  the  constants 
determined  in  Reference  2.  Thus  by  determining  TR%  PL .  and  0^  the  6C.  (3,C.  and 
3, , C  constants  can  be  calculated.  When  calculating  these  constants,  the  cbC  constant 
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should  be  found  first  from  Equation  (5).  This  value  should  then  be  used  in  Equation 
(6)  to  calculate  the  (3,C  constant.  Finally  the  values  of  the  <bC  and  {3,C  constants 
should  be  used  in  Equation  (7)  to  solve  for  the  (3UC  constant. 

The  following  least  squares  fit  of  the  experimental  phase  diagram  was  used  to 
determine  the  compositional  dependence  of  TR: 


For  x 

=s  0.15:  Tr  =  a  +  bx  + 

cx 2 

where  a  =  -  105.07, 

b  =  2812.6. 

c  =  -7665.9 

For  x 

s:  0.15:  Tr  =  a  4-  bx  4- 

c.r2  +  dx3  ~  ex* 

where  a  =  5.5465. 

b  =  2388.8. 

c  =  -  13864., 

d  =  32282.. 

e  =  -32675. 

In  fitting  the  data  with  .r  >  0. 15  an  additional  data  point  was  added  at  the  PZT 
50/50  composition  at  a  temperature  of  -  273°C.  This  was  required  to  keep  the  high 
to  low  temperature  rhombohedral  boundary  from  crossing  the  morphotropic  boundary 
at  low  temperatures.  The  fit  of  the  experimental  data  using  these  equations  is 
shown  in  Reference  4  in  Figure  2. 

Glazer  et  aid  determined  the  spontaneous  tilt  angle  for  the  PZT  90/10  compo¬ 
sition  at  25  and  60°C.  The  values  of  the  tilt  angle  reported  represent  the  rotation 
about  the  cubic  [  1 1 1  j  direction.  In  the  three-dimensional  energy  function  used  in 
this  theory  components  (0:.)  of  the  resultant  tilt  were  included.  Thus  the  component 
tilts  were  first  calculated  from  the  resultant  tilts  that  were  reported  in  the  literature. 
The  following  relation  was  derived  to  relate  the  component  tilts  (0:.)  about  each 
orthogonal  axis  to  the  resultant  tilt  (0S)  about  the  body  diagonal: 

cos  0?  =  t(2  -  cos  By)  (9) 

Another  relation  was  also  found  to  give  similar  results  as  Equation  (9)  for  small 
angles: 

31 3  e3  =  05  dot 

Equation  (10)  was  used  to  calculate  the  component  tilt  (03)  from  Glazer  et  al.'s 
data. 

This  data  was  then  used  to  determine  the  PL  and  0*.  constants  for  the  PZT  90/ 
10  composition  that  gave  the  best  least-squares  fit  using  Equation  (4)  combined 
with  Equations  (5)— (8).  The  resulting  values  of  PL  and  06  are  listed  in  Table  I. 


TABLE  I 


Values  ot  P (_  and  8;. 


Zr.Ti 

PL  <C  nr) 

(deg  » 

90/10 

0  275 

l  82 

80/20 

0  271 

1  99 

’0/30 

0  280 

1  49 

o0/40 

— 

0  392 

50/50 

0  380 

— 
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The  experimental  data  and  the  fit  using  these  constants  is  shown  in  Figure  5  in 
Reference  4. 

The  rotostrictive  Ru  constant  was  used  to  fit  the  low-temperature  rhomoohedral 
spontaneous  strain  xx  data  (from  Reference  6)  for  the  PZT  90/ 10  composition  using 
Equation  (24)  from  Reference  1,  and  the  values  of  PL  and  determined  above. 
Using  the  value  of  the  electrostrictive  constant  Qxx  of  0.049  m*'C2  from  Reference 
7,  resulted  in  a  poor  fit  of  the  experimental  data.  However,  a  good  fit  was  obtained 
by  varying  both  the  and  constants.  The  best  least-squares  fit  resulted  in 
Q44  and  Rm  values  of  0.0433  mx!CL  and  -  1.93  x  10"4  deg-2,  respectively.  The 
experimental  strain  data  and  the  fit  using  these  values  is  shown  m  Figure  1(a). 

The  change  in  the  Q.u  constant  from  high  to  low  temperature  rhombohedral 
phases  may  indicate  that  the  tilting  of  the  oxygen  octahedra  influences  the  elec- 
trostriction.  resulting  in  different  electrostrictive  constants  in  these  two  phases. 
Another  possible  cause  of  this  could  be  that  the  tilt  angle  coefficients  are  temper¬ 
ature  dependent  and/or  that  a  higher  order  tilt  angle  coefficient  is  needed  (0°  term). 
However,  to  not  complicate  matters  any  more  than  they  already  are,  the  Qxx  and 
Rx 4  constants  of  the  low-temperature  rhombohedral  state  were  assumed  to  have 
the  values  given  above  independent  of  temperature  and  composition.  The  values 
of  the  electrostrictive  constants  of  the  high  temperature  rhombohedral  state  were 
still  kept  the  same  as  given  in  Reference  7. 

Using  the  same  values  of  the  Qxx  and  Rxx  constants  given  above  for  the  PZT  90/ 
10  composition,  values  of  PL  and  9^.  were  found  that  gave  the  best  least-squares 
fit  of  the  experimental  spontaneous  strain  data  for  the  PZT  80/20  composition. 
The  values  are  listed  in  Table  I.  The  experimental  data  and  fit  using  these  values 
are  plotted  in  Figure  1(b). 

The  spontaneous  strain  xx  was  measured  at  two  temperatures  in  the  low-tem¬ 
perature  rhombohedral  state  for  the  PZT  '’0/30  composition.  Since  there  were  only 
two  experimental  data  points,  a  procedure  was  used  to  combine  these  data  with  a 
single  tilt  angle  value  at  9K.  that  was  measured  by  Amin  et  al. i  for  the  PZT  60/40 
composition. 

The  first  step  was  to  make  an  initial  guess  at  a  value  of  PL  for  the  PZT  70/30 
composition.  This  value  of  PL  was  used  with  the  PL  values  listed  in  Table  I  for  the 
PZT  90/10  and  80/20  composition  to  solve  for  a  quadratic  compositional  dependence 
of  PL  (three  unknown  constants  and  three  data  points).  This  equation  was  used  to 
extrapolate  a  value  of  PL  to  the  PZT  60/40  composition,  which  allowed  a  value  of 
0t  to  be  found  that  fit  the  tilt  angle  data  at  9K.  This  value  of  9^  was  used  with  the 
9t  values  listed  in  Table  I  for  the  PZT  90/10  and  80/20  compositions  to  solve  for 


TABLE  II 

Values  of  the  Tilt  Angle  Related  Coetficients  at  25’C 


Mole  Fraction  PbTiOx  m  PZT 

0  l 

0  2 

03 

0  4 

0,  ( IQ5  i/m-  Deg:) 

5  618 

3  395 

4  343 

29  "9 

0ii  (10J  J/mJ  Deg4) 

2.506 

l  674 

1  682 

4  174 

6  ( 106  m/F  Deg:) 

-9.626 

-6  423 

-6.502 

-31  32 
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TEMPERATURE  (°C) 


FIGURE  l  The  spontaneous  strain  x,  in  the  low-temperature  rhombohedral  state  plotted  versus 
temperature  for  the  PZT  90/10.  80/20.  and  “'0/  30  compositions.  The  data  points  are  from  Reference  b 
The  solid  curves  are  the  theoretical  fits  of  the  data. 


a  quadratic  compositional  dependence  of  0L.  This  equation  was  then  used  to  cal¬ 
culate  a  value  of  0L  back  at  the  PZT  70/30  composition.  This  value  was  used  with 
the  initial  guess  of  PL  to  determine  the  spontaneous  strain  xu  and  to  calculate  the 
least-squares  error  with  the  two  data  points.  Another  guess  of  PL  for  the  PZT  70/ 
30  composition  was  then  made,  and  the  entire  procedure  was  repeated  until  the 
values  that  gave  the  best  least-squares  error  were  found. 

A  problem  developed  from  the  procedure  described  above:  PL  became  less  than 
PH  for  compositions  near  PZT  60/40.  The  difference  in  the  values  between  PL  and 
PH  decreased  from  around  PZT  80/20  to  PZT  6040.  which  seems  to  be  m  agreement 
with  pyroelectric  measurements. ^  However,  it  was  felt  that  PL  should  probably  not 
become  less  than  PH  (the  polarization  should  increase  when  going  to  the  low- 
temperature  rhombohedral  phase).  Thus  an  additional  manipulation  was  used  to 
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keep  PL  from  becoming  less  than  P,{.  To  allow  the  difference  between  PL  and  PH 
to  decrease  as  the  titanium  content  increased,  but  to  keep  this  difference  from 
going  to  zero  within  the  stability  region  of  the  low-temperature  rhombohedral 
phase,  an  additional  PL  data  point  was  included  in  determining  the  compositional 
dependence  of  PL.  This  value  was  arbitrarily  chosen  by  letting  PL  become  equal 
to  PH  at  the  PZT  50/50  composition.  This  effectively  moved  the  composition  where 
PL  became  equal  to  P  ■  into  a  metastable  region. 

This  value  of  PL  at  PZT  50/50  (listed  in  Table  I)  was  then  used  with  the  previous 
values  of  PL  for  the  PZT  90/10.  80/20.  and  70/30  compositions  to  determine  the 
compositional  dependence  of  PL  by  fitting  the  data  with  a  cubic  poly  nomial  equation 
(four  unknowns  and  four  data  points).  This  equation  was  used  to  calculate  a  PL 
value  back  at  the  PZT  60/40  compositions.  Using  this  value  a  new  ()L  value  for 
PZT  60/40  was  found  by  refitting  the  experimental  tilt  angle  data  point  at  9  K. 
This  value  cf  8t  for  PZT  60/40  was  then  used  with  the  previous  values  of  for 
the  PZT  90/10.  80/20,  and  70/30  compositions  to  determine  the  compositional 
dependence  of  0^  from  a  cubic  polynomial  fit. 

The  final  values  of  PL  and  0^  used  in  the  fitting  are  listed  in  Table  I.  and  plotted 
in  Figure  2.  The  cubic  compositional  fits,  also  plotted  in  Figure  2,  of  these  data 
are: 


PL  and  0L  =  a  -  b. x  -  c.r  -  dx:\ 

where  for  PL:  a  =  0.28079 

b  =  -0.030117 
c  =  -0.46150 

d  =  1.8367  (11) 

and  for  0L:  a  =  0.91540 
b  =  12.967 
c  =  -40.255 

d  =  11.417  (12) 

The  experimental  spontaneous  strain  data  and  final  fit  for  the  PZT  *'0-30  com¬ 
position  are  plotted  in  Figures  1(c).  The  experimental  tilt  angle  data  point  and 
final  fit  for  the  PZT  60/40  composition  is  plotted  in  Figure  5  in  Reference  4. 

V/ith  the  compositional  dependences  of  TR.  PL .  and  0t  determined  from  Equa¬ 
tions  (8),  (11).  and  (12).  the  tilt  angle  related  constants  (3tC.  3UC.  and  6C  can  be 
calculated  from  Equations  (5)-(7). 


III.  SUMMARY 

The  tilt  angle  related  coefficients.  ptC,  f3uC.  and  <bC,  were  related  to  three  new 
constants.  PR,  PL  and  at  the  transition  between  the  high  and  low  temperature 
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FIGURE  2  The  spontaneous  polarization  (PL)  and  nit  angle  (Ojot  the  low-temperature  rhombohedral 
state  at  TR  plotted  versus  composition  The  data  points  are  from  Table  [  The  solid  curves  are  tits  ot 
the  data  using  Equations  ( 1 1)  and  ( 12) 


rhombohedral  phases.  The  transition  temperature  between  these  phases.  TR.  was 
determined  from  the  phase  diagram.  Values  of  the  spontaneous  polarization  and 
tilt  angle  of  the  low-temperature  rhombohedral  phase  at  TR.  PL  and  0t.  were 
determined  from  experimental  spontaneous  strain  and  tilt  angle  data.  These  values 
were  then  fit  with  equations  to  determine  the  compositional  dependence  of  PL  and 
These  equations  will  be  used  in  the  last  paper  in  this  series  to  calculate  the 
values  of  (3,.  |3U,  and  6  for  theoretical  calculations  of  the  phase  stability  and 
properties  of  the  low-temperature  rhombohedral  phase.  As  a  summary  of  this  paper 
Table  II  gives  values  of  these  constants  at  four  PZT  compositions. 
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In  this  final  paper  of  a  sequence  of  five  papers  presenting  details  ot  a  thermodynamic  phenomenology 
for  the  whole  PbZr03  PbTiO,  solid  solution  family,  the  constants  derived  in  the  earlier  papers  are 
used  to  calculate  the  temperature  and  composition  dependence  ot  the  Elastic  Gibbs  Free  Energy  \G , 
at  zero  stress,  the  spontaneous  electric  polarization  and  spontaneous  tilt  of  the  oxygen  octahedra  in  a 
single  domain,  the  anisotropy  weak  field  dielectric  permittivity  and  the  piezoelectric  constants  tor 
compositions  all  across  the  phase  diagram. 

These  data  can  be  used  to  determine  the  intrinsic  component  of  the  behavior  of  any  pure  lead 
zirconate  lead  titanate  m  any  part  of  the  phase  field  and  at  any  temperature,  and  thus  can  torm  a 
first  step  m  the  separation  of  the  experimentally  observed  properties  into  .heir  intrinsic  (single  domain) 
component  and  their  extrinsic  domain  and  defect  related  responses 

The  function  proposed  is  certainly  not  the  final  word  for  PZT.  and  will  clearly  be  subjected  to 
continuous  modification  and  improvement  as  new  and  better  experimental  data  becomes  available  The 
purpose  of  the  exercise  has  been  to  correlate  a  very  wide  panoply  of  experimental  data  with  a  single 
tunction,  and  to  extract  from  it  the  constants  which  would  be  directly  accessible  if  single  domain  single 
crystals  could  be  grown  at  the  interesting  PbZrOx  PbTiOa  compositions 


I  INTRODUCTION 

This  paper  is  the  final  paper  in  a  series  of  five  papers1  "4  describing  the  development 
of  a  thermodynamic  theory  for  the  entire  lead  zirconate-titanate  (PZT)  solid  so¬ 
lution  system.  In  this  paper  theoretical  calculations  will  be  made  using  the  equations 
that  were  derived  in  the  first  paper1  of  the  series,  and  the  values  of  the  coefficients 
determined  in  the  second,  third,  and  fourth  papers.2"1  The  antiferroelectric  cal¬ 
culations  will  be  made  using  the  coefficients  that  were  determined  in  Reference  5. 

The  free  energies  of  each  phase  will  be  calculated  in  the  next  section  and  used 
to  determine  the  phase  diagram.  In  Section  III  the  spontaneous  polarization  and 
tilt  angle  will  be  calculated.  The  dielectric  and  piezoelectric  properties  will  then 
be  calculated  in  Sections  IV  and  V.  followed  by  a  summary  and  discussion  of  the 
future  applications  of  this  theory. 


'Now  at  E.  I.  du  Pont  de  Nemours  &  Co  .  Electronics  Dept..  Experimental  Station.  P  0  Box 
S0334.  Wilmington.  DE.  19880-0334 

:Now  at  Allied-Signal  Inc..  Metals  and  Ceramics  Laboratory.  P  0  Box  102 1 R.  Morristown.  NJ. 
07960. 
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II.  PHASE  DIAGRAM 

In  the  second  paper  of  the  series,  products  of  the  dielectric  stiffness  coefficients 
(a,,)  and  the  Curie  constant  (C)  were  shown  to  be  independent  of  C.  These  new 
constants  (a,,C)  can  be  used  to  calculate  products  of  the  free  energies  and  the  Curie 
constant  (A GC),  which  are  also  independent  of  C.  Since  the  Curie  constant  is  the 
same  in  all  of  the  solutions  of  the  energy  function,  the  AGC  products  can  be  used 
to  determine  the  phase  stability  independently  of  the  effect  of  the  compositional 
dependence  of  C. 

In  Figure  l  the  product  of  the  energies  and  Curie  constant  (C)  are  plotted  versus 
composition  at  three  temperatures.  The  solution  with  the  lowest  AGC  product 
corresponds  to  the  stable  phase,  and  a  phase  transition  occurs  >vhen  the  curves 
cross.  At  255C  [Figure  1(c)]  the  tetragonal  solution  has  the  lowest  AGC  on  the 
lead  titianate  side  ot  the  figure,  and  is  thus  the  stable  phase  Moving  across  the 
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FIGURE  1  The  product  of  the  free  energy  AG  and  Curie  constant  plotted  versus  composition  tor  the 
different  solutions  of  the  energy  function. 
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figure  towards  lead  zirconate  the  tetragonal  phase  remains  stable  to  the  dashed 
line  labeled  5.  At  this  point  the  A GC  of  the  high-temperature  rhombohedral  so¬ 
lution  becomes  less  than  that  of  the  tetragonal  phase,  and  a  phase  transition  occurs 
between  these  phases  (the  morphotropic  phase  boundary). 

Continuing  across  the  figure,  the  high-temperature  rhombohedral  phase  remains 
stable  to  the  dashed  line  labeled  4,  where  a  transition  to  the  low-temperature 
rhombohedral  phase  occurs.  This  phase  is  then  stable  until  the  dashed  line  labeled 
2  is  reached,  and  a  transition  to  the  antiferroelectric  orthorhombic  phase  occurs. 
At  higher  temperatures  an  additional  region  of  high-temperature  rhombohedral 
phase  develops  between  the  low-temperature  rhombohedral  and  antiferroelectric 
orthorhombic  phase  fields.  The  low-temperature  rhombohedral  phase  field  also 
becomes  narrower  as  the  temperature  is  increased. 

The  AGC  curves  for  the  low-temperature  rhombohedral  and  antiferroelectric 
orthorhombic  phases  shown  in  Figure  1  were  only  drawn  over  the  regions  where 
these  phases  were  stable.  The  compositional  dependence  of  the  antiferroelectric 
orthorhombic  phase  was  determined  by  equating  the  energies  of  this  phase  with 
the  high-temperature  rhombohedral  phase  at  the  transition  between  these  states 
(described  in  Reference  5).  Since  this  transition  only  extends  over  a  narrow  com¬ 
positional  region,  the  above  method  will  only  apply  over  this  region.  Thus  the 
energy  of  the  antiferroelectric  orthorhombic  phase  should  only  be  calculated  within 
this  region. 

In  the  case  of  the  low-temperature  rhombohedral  phase  the  AGC  can  be  cal¬ 
culated  over  a  very  small  region  into  the  adjacent  phase  fields,  at  which  point 
either  the  spontaneous  polarization  becomes  imaginary,  or  the  low-temperature 
rhombohedral  phase  undergoes  a  metastable  phase  transition  to  the  cubic  state. 
At  this  point  additional  work  needs  to  be  conducted  to  more  completely  understand 
what  is  actually  happening.  This  is  particularly  important  in  gaining  a  better  under¬ 
standing  of  the  change  in  the  spontaneous  polarization  from  the  high  to  low  tem¬ 
perature  rhombohedral  phases,  as  will  be  discussed  in  more  detail  in  the  next 
section. 

Calculating  the  AGC  product  of  the  ferroelectric  orthorhombic  phase  provided 
an  independent  check  on  the  values  of  the  coefficients  of  the  energy  function.  As 
shown  in  Figure  1  this  phase  was  found  to  be  metastable  across  the  phase  diagram, 
indicating  that  the  ratios  of  the  coefficients  are  at  least  in  the  right  range. 

By  plotting  the  composition  versus  temperature  where  the  AGC  products  of  the 
solutions  cross,  the  phase  diagram  is  obtained  as  shown  in  Figure  2.  The  data  points 
are  from  the  experimental  phase  diagram.6  and  the  solid  curves  are  from  the 
theoretical  calculations.  The  excellent  agreement  between  the  experimental  data 
and  theoretical  calculations  is  to  be  expected,  because  the  data  was  used  to  de¬ 
termine  values  of  the  coefficients  in  such  a  way  as  to  cause  the  energies  of  the 
adjacent  phases  to  be  equal  at  the  transition.  However,  this  agreement  shows  that 
the  energy  function  and  values  of  the  coefficients  that  have  been  determined  will 
quantitatively  model  all  of  the  known  phase  transitions  of  the  PZT  solid  solution 
system. 

The  inflection  point  in  the  transition  temperature  Tc  between  the  cubic  and  high- 
temperature  rhombohedral  phases  near  the  PZT  90/10  composition  (see  Figure  2) 
appears  to  be  due  to  the  tricritical  behavior.  The  Curie- Weiss  temperature  T0  should 
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MOLE  FRACTION  PbTi03  IN  PZT 

FIGURE  2  Superposition  ot  the  theoretical  and  experimental  phase  diagrams  The  data  points  are 
from  the  experimental  phase  diagram.'5  The  solid  curves  are  the  theoretical  calculations 

form  a  continuous  function  with  a  continuous  slope  across  the  phase  diagram, 
because  it  is  determined  from  the  cubic  phase.  In  the  second-order  region  Tc  is 
equal  to  70,  but  in  the  first-order  regions  Tt)  becomes  less  than  Tc.  The  Tc  -  T, 
difference  increases  rapidly  over  a  narrow  compositional  region,  from  zero  at  the 
tricritical  point  at  42°C  for  lead  zirconate  (see  Figure  9  in  Reference  2). 

A  question  now  arises  as  to  why  a  similar  change  in  Tc  is  not  seen  at  the  second 
tricritical  point  near  the  PZT  28/72  composition.  This  may  be  because  the 
Tc  -  T0  difference  only  changes  from  zero  at  the  tricritical  point  to  13.4°C  for 
lead  titanate,  and  this  smaller  change  occurs  over  a  much  wider  compositional 
range.  In  addition  there  is  not  enough  Tc  data  on  the  phase  diagram  in  this  region 
to  really  be  able  to  notice  this  type  of  change  in  Tc.  Additional  high-temperature 
x-ray  diffraction  work  is  needed  to  more  precisely  locate  the  second  tricritical  point. 
In  the  process  of  this  work  it  would  be  interesting  to  try  and  see  if  Tc  does  change 
in  a  similar  (but  smaller)  way  as  occurs  on  the  lead  zirconate  side. 


III.  SPONTANEOUS  POLARIZATION  AND  TILT  ANGLE 

Figure  3  shows  the  calculated  spontaneous  polarization  plotted  versus  temperature 
for  five  tetragonal  PZT  compositions.  The  first  order  transitions  of  the  PbTiOj  and 
PZT  20/80  compositions  can  be  seen  by  the  discontinuous  changes  in  the  polari¬ 
zation  at  Tc.  The  other  three  compositions  have  second  order  transitions  causing 
the  polarization  to  change  continuously  at  Tc.  The  dielectric  stiffness  coefficient 


THERMODYNAMIC  THEORY  OF  PZT  PART  V  THEORY 


h7 
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FIGURE  3  The  theoretical  ^pontaneoub  polarization  P.  plotted  ^ersub  temperature  tor  .ctragonal 
compositions. 

au  changes  sign  at  a  tricritical  point  between  the  PZT  20/80  and  30/70  compositions 
causing  the  transition  to  change  from  first  to  second  order.  This  tricritical  point 
was  estimated  to  occur  at  the  PZT  28/72  composition  from  an  extrapolation  of  au 
presented  in  Reference  2. 

The  calculated  spontaneous  polarization  data  shown  in  Figure  3  are  m  good 
agreement  with  the  available  experimental  data.  The  value  of  0.75  Cm:  at  255C 
for  lead  titanate  is  equal  to  Gavnlvachenko  et  al.'s ’  experimental  single-crystal 
measurement.  The  polarization  values  for  the  PZT  40/60  composition  are  slightly 
larger  than  the  single-crystal  measurements  from  25  to  200°C  of  Tsuzuki  et  a/.8 
They  commented  that  the  polarization  was  not  completely  saturated  in  their  hys¬ 
teresis  loops,  which  would  result  in  lower  values  of  the  polarization.  The  close 
agreement  between  the  calculated  polarization  and  experimental  measurements 
indicates  that  the  proper  values  of  the  electrostnctive  constants  were  used. 

The  spontaneous  polarization  of  four  rhombohedral  compositions  with  the  high 
to  low  temperature  rhombohedral  phase  transition  is  plotted  versus  temperature 
in  Figure  4.  The  resultant  polarization  (=  3l/2P3)  along  the  [111]  direction  was 
plotted  in  this  figure.  The  small  first  order  change  in  the  polarization  of  the  PZT 
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TEMPERATURE  (°C) 

FIGURE  4  The  theoretical  resultant  spontaneous  polarization  P,  (31  :PJ  plotted  versus  temperature 
for  four  compositions  with  the  high  to  low  temperature  rhombohedral  phase  transition 


90/10  composition  at  the  high-temperature  rhombohedral  to  cubic  transition  ( Tc) 
can  be  seen  in  Figure  4(a).  The  other  three  compositions  [Figures  4(b)  — (d))  all 
have  a  second  order  transition  at  Tc  This  is  because  the  fourth  order  rhombohedral 
dielectric  stiffness  (ctu  *  ai:)  is  slightly  negative  for  the  PZT  90/10  composition, 
and  then  changes  sign  at  a  tricritical  point  (close  to  PZT  90/ 10)  and  becomes  positive 
for  the  other  three  compositions. 

The  high  to  low  temperature  rhombohedral  phase  transition  is  first  order  for  all 
compositions,  as  can  be  seen  in  Figure  4  by  the  discontinuous  change  in  rhe  po¬ 
larization  at  this  transition.  This  discontinuous  change  in  the  polarization  increases 
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from  PZT  90/10  to  80/20 .  but  then  decreases  as  the  titanium  content  is  increased 
further,  and  becomes  very  small  for  the  PZT  60/40  composition.  This  may  explain 
why  Zhuang  et  al*  found  from  pyroelectric  measurements  that  the  polarization 
only  slightly  changes  through  the  high  to  low  temperature  rhombohedral  transition 
for  the  PZT  70/30  and  60/40  compositions,  but  a  large  change  occurs  for  the  PZT 
90/10  and  94/6  compositions. 

The  spontaneous  polarization  data  for  the  PZT  90/10  composition  [Figure  4(a)) 
is  in  fairly  good  agreement  with  the  single-crystal  measurements  by  Clarke  and 
Glazer.10  Some  of  their  experimental  data  in  the  high-temperature  rhombohedral 
region  was  used  to  determine  the  electrostrictive  Q.x  constant  for  this  composition, 
and  thus  good  agreement  occurs  in  this  region.  However,  their  data  showed  a 
decrease  in  the  polarization  on  cooling  in  the  high-temperature  rhombohedral  state 
close  to  the  transition  to  the  low-temperature  phase,  possibly  due  to  a  leakage  of 
charge  during  their  measurements.  In  this  region  the  theoretically  calculated  po¬ 
larization  continues  to  increase  as  the  temperature  is  decreased. 

The  spontaneous  tilt  angle  was  also  calculated  versus  temperature  for  several 
compositions  as  shown  in  Figure  5.  The  resultant  tilt  angle  about  the  cubic  [111] 
direction  ( =  3l  :03)  was  plotted.  The  data  points  are  the  only  available  experimental 
values  of  the  tilt  angle,  and  were  determined  from  neutron  diffraction  by  Glazer 
et  al. 11  and  Amin  et  al.12  These  data  were  used  in  determining  values  for  two  of 
the  coefficients  (see  Reference  4).  and  thus  the  theory  and  experimental  data  should 
agree.  The  theoretical  calculations  can  be  used  to  determine  values  ot  the  tilt  angle 
at  other  compositions  and  temperatures,  as  shown  in  this  figure. 

The  spontaneous  tilt  angle  was  also  plotted  in  Figure  6  versus  composition  at 
several  different  temperatures.  The  curve  labeled  0^  represents  the  tilt  angle  at 
the  high  to  low  temperature  rhombohedral  transition  (TR).  The  discontinuity  in 
the  slope  of  the  curves  at  the  PZT  85' 15  composition  occurs  due  to  the  relations 
that  was  used  to  fit  TR  [Equation  (8)  in  Reference  4). 

Figures  4  and  5  show  that  the  spontaneous  polarization  and  tilt  angle  increase 
very  rapidly  after  transforming  to  the  low-temperature  rhombohedral  phase,  es¬ 
pecially  the  compositions  with  greater  titanium  content.  This  may  indicate  a  lim¬ 
itation  of  the  present  theory.  For  the  PZT  70/30  and  60/40  compositions  the  dis¬ 
continuous  change  in  the  polarization  at  the  high  to  low  temperature  rhombohedral 
transition  is  very  small  compared  to  the  sudden  increase  in  polarization  that  occurs 
just  below  the  transition.  The  increase  in  polarization  in  the  low-temperature  rhom¬ 
bohedral  phase  is  even  more  noticeable  when  the  polarization  is  plotted  versus 
composition  at  different  temperatures  as  shown  in  Figure  T  If  the  spontaneous 
polarization  as  a  function  composition  does  actually  increase  m  the  low-temperature 
rhombohedral  phase  as  much  as  is  shown  in  this  figure,  then  it  seems  that  the 
previous  experimental  measurements  of  the  polarization  on  ceramic  samples  would 
have  found  a  similar  effect. 

The  polarization  should  increase  going  to  the  low-temperature  rhombohedral 
phase,  but  the  increase  calculated  from  this  theory  seems  to  be  too  large.  Two 
possible  explanations  of  this  large  increase  in  polarization  in  the  low-temperature 
rhombohedral  phase  will  now  be  described. 

The  first  possibility  is  that  this  large  increase  may  actually  occur,  and  that  the 
previous  measurements  on  ceramic  samples  missed  this  effect,  because  not  enough 
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FIGURE  5  The  resultant  spontaneous  tilt  angle  6S  (31 :9?)  plotted  versus  temperature  The  data  points 
are  from  References  11  and  12.  The  solid  curves  are  the  theoretical  calculations. 


FIGURE  6  The  theoretical  resultant  spontaneous  tilr.  angle  9*  (3’  :9,)  plotted  versus  composition. 
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FIGURE  7  The  theoretical  spontaneous  polarization  plotted  versus  composition.  The  curves  m  the 
rhombohedral  side  of  the  tigure  represent  the  resultant  spontaneous  polarization  P$  (3‘  ;P.) 


measurements  were  made.  The  effect  of  the  morphotropic  boundary  on  the  ceramic 
data,  where  a  coexistence  of  tetragonal  and  rhombohedral  phases  occurs,  may  have 
also  made  it  more  difficult  to  measure  the  polarization  in  the  narrow  region  where 
the  high-temperature  rhombohedral  phase  is  stable.  Additional  polarization  meas¬ 
urements  on  homogeneous  ceramic  samples  would  be  useful  in  trying  to  determine 
polarization  changes  in  this  region. 

The  second  possibility,  which  seems  more  likely,  is  that  the  present  theory  does 
not  adequately  model  the  spontaneous  polarization  in  the  low-temperature  rhom¬ 
bohedral  phase  for  the  compositions  with  greater  titanium  content.  This  could  be 
due  to  the  assumptions  made  in  determining  the  coefficients.  For  example,  the  Qi4 
and  Ru  constants  were  assumed  to  be  independent  of  composition  and  temperature 
in  the  low-temperature  rhombohedral  phase.  The  values  of  these  constants  were 
determined  at  the  PZT  90/10  composition,  and  then  used  for  the  other  compositions. 
The  calculated  polarization  in  the  low-temperature  rhombohedral  phase  ot  the  PZT 
90/10  composition  does  not  have  the  large  increase  that  occurs  in  the  PZT  70/30 
and  60/40  compositions.  Therefore,  it  seems  likely  that  the  Q44  and  Ru  constants 
are  dependent  on  composition,  and  if  this  was  accounted  for  the  large  increase  in 


M.  J.  HA  UN  et  at. 


polarization  in  the  PZT  70/30  and  60/-*0  compositions  would  be  smaller.  However, 
at  this  time  there  is  not  enough  experimental  data  available  in  the  'literature  to 
determine  these  compositional  dependences.  Additional  tilt  angle  data  obtained 
from  neutron  diffraction  would  possibly  solve  this  problem. 

Another  significant  change  could  be  made  to  the  present  theory  by  adding  a 
temperature  dependence  to  the  second-order  tilt  angle  related  coefficient  ((3t).  and/ 
or  a  sixth-order  tilt  angle  term.  Again  the  problem  with  this  is  that  there  is  not 
enough  data  to  properly  determine  all  of  these  coefficients.  The  addition  of  a  sixth- 
order  tilt  angle  term  will  also  greatly  complicate  the  theory,  because  the  equations 
for  the  spontaneous  polarization  and  tilt  angle  in  the  low-temperature  rhombo- 
hedral  phase  will  change  from  quadratic  to  quartic. 

The  above  discussion  has  shown  that  there  may  be  some  limitation  to  how  well 
the  present  theory  can  quantitatively  calculate  the  spontaneous  polarization  of  the 
low-temperature  rhombohedral  phase  for  the  compositions  with  greater  titanium 
content.  Due  to  the  lack  of  tilt  angle  data  and  in  order  to  avoid  complicating  the 
theory  significantly  more  than  iralready  is,  the  present  theory  is  probably  the  best 
that  it  can  be  at  this  time,  and  is  probably  adequate  for  most  applications. 


IV.  DIELECTRIC  PROPERTIES 

The  calculated  dielectric  susceptibility  coefficients  of  PZT  50/50  were  plotted  versus 
temperature  in  Figure  8.  In  comparison  to  the  properties  of  PbTiO:,  (see  Figure  8 
in  Reference  13).  the  dielectric  susceptibilities  and  anisotropy  have  become  much 
larger.  The  transition  at  Tc  is  second  order  for  PZT  50/50.  while  PbTiO;,  is  first 
order.  The  LGD  phenomenological  theory  of  a  second-order  transition  predicts 
that  the  dielectric  susceptibility  becomes  infinite  at  Tc. 

The  compositional  dependence  of  the  dielectric  susceptibility  coefficients  at  25’C 
is  plotted  in  Figure  9.  A  peak  occurs  in  these  coefficients  at  the  PZT  50/50  com¬ 
position  due  to  the  peak  that  formed  in  the  Curie  constant  (see  Figure  2  in  Reference 
3).  The  increase  in  dielectric  anisotropy  (t)u,t|33)  that  occurs  from  PbTi03  to  the 
PZT  50/50  composition  is  due  to  the  change  in  the  ratios  of  the  dielectric  stiffness 
coefficients  (a12/aU)  a„2/aul.  and  al23/am)  as  a  function  of  composition. 

On  the  rhombohedral  side  of  the  peak  the  anisotropy  decreases  and  t|J,  even¬ 
tually  even  becomes  less  than  t|33.  This  effect  is  at  least  partially  due  to  compo¬ 
sitional  dependence  of  the  ratios  of  the  dielectric  stiffness  coefficients,  but  may 
also  be  due  to  an  internal  pressure  that  may  develop  within  the  perovskite  structure 
when  a  larger  zirconium  ion  is  replaced  by  the  smaller  titanium  ion.  Amin  et  ai.li 
showed  that  for  the  PZT  50/50  composition  the  application  of  hydrostatic  stress 
would  cause  the  anisotropy  to  decrease,  and  thus  this  effect  might  partially  account 
for  the  small  dielectric  anisotropy  on  the  PbZr03  side  on  the  PZT  system.  Using 
the  present  theory  of  PZT  the  effect  of  mechanical  boundary  conditions  on  the 
properties  and  phase  stability  should  now  be  investigated  in  more  detail  across  the 
entire  PZT  system. 

The  dielectric  susceptibility  coefficients  of  two  rhombohedral  compositions.  PZT 
60/40  and  90/10,  were  plotted  versus  temperature  in  Figures  10  and  11.  A  similar 
change  in  the  behavior  cf  the  dielectric  anisotropy  occurs  from  PZT  60/40  to  90/ 


THERMODYNAMIC  THEORY  OF  PZT  PART  V  THEORY 


TEMPERATURE  (°C) 


FIGURE  3  The  theoretical  dielectric  ^usceptibtlitv  coetftcients  ot  PZT  50  50  plotted  versus  temper¬ 
ature 


10  as  occurred  from  PZT  50/50  to  PbTi03.  For  PZT  90/10  and  PbTiOj  (see  Figure 
8  m  Reference  13)  the  dielectric  susceptibility  parallel  to  the  polar  axis  or  r|Vt) 
is  larger  than  the  perpendicular  susceptibility  (t|u  or  ru)  at  high  temperatures, 
but  smaller  at  low  temperatures. 

At  high  temperatures  close  to  Tc  for  rhombohedral  compositions  close  to  the 
morphotropic  boundary  (Ti  content  >  0.45)  a  problem  develops  when  calculating 
the  dielectric  susceptibility  coefficient  t|u  using  the  coefficients  from  References 
2  and  3.  At  a  temperature  below  Tc  the  t  coefficient  will  increase  to  infinity, 
and  then  becomes  negative  between  this  temperature  and  TL.  This  is  simply  due 
to  the  values  of  the  coefficients  used,  anu  indicates  that  in  this  region  these  values 
are  not  quite  right.  Because  of  this  problem,  care  should  be  taken  in  calculating 
the  rhombohedral  dielectric  susceptibilities  at  high  temperatures  for  compositions 
near  the  morphotropic  boundary.  Considering  that  all  of  the  coefficients  were 
assumed  to  be  independent  of  temperature,  except  a,,  and  that  some  of  the  coef¬ 
ficients  were  determined  at  Tc  (232-492°C)  and  others  at  4.2  K.  it  is  amazing  that 
everything  works  as  well  as  it  does,  and  that  more  problems  have  not  occurred. 
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FIGURE  9  The  theoretical  dielectric  susceptibility  coefficients  plotted  versus  composition  at  25X 


Away  from  this  region  the  calculated  dielectric  properties  are  in  t'airiy  good 
agreement  with  the  available  experimental  data.  Haun  et  al.13  showed  that  the 
calculated  dielectric  susceptibility  coefficients  and  anisotropy  of  PbTiO-,  were  in 
good  agreement  with  Fesenko  et  al.' s15  experimental  single-crystal  data  at  low 
temperatures,  where  the  defect  contributions  to  the  experimental  measurements 
had  "frozen  out".  The  theoretically  calculated  dielectric  properties  near  the  mor- 
photropic  boundary  have  similar  values  as  the  experimental  measurements  on  single 
crystals  by  Tsuzuki  et  al*  Good  agreement  was  also  found  between  the  calculated 
dielectric  properties  and  Clarke  and  Whatmore's16  PZT  90/10  single-crystal  meas¬ 
urements. 


V.  PIEZOELECTRIC  PROPERTIES 

The  calculated  piezoelectric  voltage  coefficients  g„  (assumed  to  be  equal  to  the  b„ 
coefficients)  for  the  PZT  50/50.  60/40.  and  90/10  compositions  were  plotted  versus 
temperature  in  Figures  ( 12)— ( 14).  The  g„  coefficients  plotted  in  these  figures  are 
based  on  the  cubic  axes.  Thus  the  .r,  axis  is  along  the  polar  axis  for  the  tetragonal 
coefficients,  but  not  for  the  rhombohedral  coefficients. 

Since  the  electrostrictive  constants  were  assumed  to  be  independent  of  temper¬ 
ature,  the  negative  temperature  dependence  of  the  coefficients  was  caused  by 
the  temperature  dependence  of  the  spontaneous  polarization.  The  PZT  90/ 10  com¬ 
position  has  a  first-order  change  in  the  spontaneous  polarization,  which  causes 
discontinuities  in  the  g ,,  coefficients  at  Tc.  The  PZT  50/50  and  60/40  compositions 
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FIGURE  10  The  theoretical  dielectric  busceptibilitv  coetficientj  ot  PZT  otUU  plotted  versus  temper¬ 
ature 


undergo  second  order  transitions,  and  thus  the  g„  coefficients  change  continuously 
from  a  value  of  zero  at  Tc. 

The  compositional  dependence  of  the  g„  coefficients  at  25°C  is  plotted  in  Figure 
15.  Since  the  electrostrictive  constants  were  given  a  compositional  dependence  (see 
Figure  2  in  Reference  17),  the  compositional  dependence  of  the  g„  coefficients 
depends  on  the  electrostrictive  constants  and  the  spontaneous  polarization  (see 
Figure  7).  The  result  is  that  the  g(/  coefficients  change  with  composition  as  shown 
in  Figure  15.  The  compositional  dependences  of  the  ^coefficients  are  much  smaller 
than  that  of  the  dt/  coefficients,  which  will  be  presented  next. 

The  piezoelectric  charge  coefficients  dn  of  the  PZT  50/50  composition  were 
plotted  versus  temperature  in  Figure  16.  The  positive  temperature  dependence  of 
the  d„  coefficients  was  caused  by  the  strong  temperature  dependence  of  the  di¬ 
electric  susceptibility  coefficients.  In  Figure  17  the  d„  coefficients  are  plotted  versus 
composition  at  25°C.  showing  the  large  peak  in  these  coefficients  near  the  mor- 
photropic  boundary.  The  large  increase  of  the  tiu  coefficient  near  the  morphotropic 
boundary  (see  Figure  9)  caused  a  large  increase  to  also  occur  in  the  dl5  coefficient. 
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The  theoretical  piezoelectric  voltage  coefficients  gl#  ot  PZT  blUO  plotted  versus  tern 


FIGURE  14  The  theoretical  piezoelectric  voltage  coetticients  ot  PZT  9010  plotted  versus  tem 
perature 
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FIGURE  15  The  theoretical  piezoelectric  voltage  coefficients  plotted  versus  composition  at  25'C 

For  the  rhombohedral  compositions  the  d,t  coefficients  were  calculated  based  on 
the  original  cubic  axes,  resulting  in  four  independent  nonzero  coefficients.  The 
relations  for  the  rhombohedral  coefficients  are  more  complicated  than  those  for 
the  tetragonal  coefficients,  because  two  terms  are  involved  in  three  of  the  tour 


FIGURE  16  The  theoretical  piezoelectric  charge  coefficients  d„  of  PZT  50/50  plotted  versus  temper¬ 
ature. 
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FIGURE  1?  The  theoretical  piezoelectric  charge  coefficients  </,  plotted  versus  composition  at  25'C 


relations  [see  Equations  (44)  and  (45)  in  Reference  l].  These  two  terms  are  often 
competing:  one  term  being  positive,  while  the  other  is  negative.  In  addition  the 
tiu  coefficient  can  be  positive  or  negative  depending  on  the  composition  and  tem¬ 
perature. 

The  d„  coefficients  are  plotted  versus  temperature  for  two  rhombohedral  com¬ 
positions.  PZT  60/40  and  90/10.  in  Figures  18  and  19.  The  d3i  and  dl5  coefficients 
form  similar  shaped  curves  for  both  compositions,  but  the  dn  and  du  coefficients 
have  definite  differences. 

For  the  PZT  60/40  composition  the  du  coefficient  is  negative  at  all  temperatures, 
and  becomes  more  negative  with  increasing  temperature.  The  Ju  coefficient  of  the 
PZT  90/10  composition  is  slightly  negative  at  low  tempratures,  and  then  becomes 
positive  at  about  -  100°C,  and  continues  to  increase  with  increasing  temperature. 
These  diffeences  are  due  to  the  t}12  coefficient,  which  is  negative  for  the  PZT 
60/40  composition,  and  positive  for  the  PZT  90/10  composition  (except  at  low 
temperatures  where  it  changes  sign  and  becomes  negative). 

The  dn  coefficient  of  the  60/40  composition  is  negative,  and  becomes  more 
negative  with  increasing  temperature.  For  the  PZT  90/10  composition  the  dxl  coef¬ 
ficient  is  negative  at  low  temperatures,  becomes  more  negative  with  increasing 
temperature,  and  then  suddenly  increases  and  becomes  positive  just  below  Tc. 
This  behavior  is  due  to  the  changes  that  occur  in  tne  value  of  the  t\k  coefficient, 
and  also  due  to  the  two  terms  in  the  dX[  relation,  which  are  of  opposite  sign  with 
one  dominating  at  low  temperatures  and  the  other  at  high  temperatures. 

The  rhombohedral  dtl  coefficients  described  above  are  based  on  the  original  cubic 
axes.  What  needs  to  be  done  in  the  future  is  to  rotate  the  axes,  so  that  the  new  x3 
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FIGURE  19  The  theoretical  piezoelectric  charge  coelficients  d„  ot  P2T  90  10  plotted  versus  temper* 
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axis  is  along  the  rhombohedrai  polar  direction.  This  would  reduce  the  number  of 
independent  nonzero  coefficients  to  three  (dy:„  d}{.  and  di}).  similar  to  the  tetra¬ 
gonal  d„  matrix,  and  thus  simplify  the  analysis  of  these  coefficients. 

The  calculated  d„  coefficients  have  similar  values  as  the  experimental  ceramic 
data  near  the  morphotropic  boundary.  The  only  available  single-crystal  data  was 
measured  by  Gavrilyachenko  and  Fesenko18  on  lead  titanate.  Their  data  were 
compared  with  the  theoretical  lead  titanate  calculations  in  Reference  13.  Fairly 
good  agreement  was  found,  especially  for  the  dn  coefficient. 


VI.  SUMMARY  AND  FUTURE  APPLICATIONS  OF  THE  THEORY 
OF  PZT 

The  applications  of  compositions  of  the  PZT  solid  solution  system  as  piezoelectric 
transducers,  pyroelectric  detectors,  electro-optic  devices,  and  explosively  induced 
charge  storage  devices  were  described  in  the  first  paper  of  this  series  to  demonstrate 
the  technological  importance  of  PZT.  In  these  applications  PZT  is  used  in  polv- 
crystalline  ceramic  form,  and  thus  the  properties  of  these  ceramics  are  well  estab¬ 
lished  in  the  literature.  However,  the  mechanisms  contributing  to  these  outstanding 
ceramic  properties  of  PZT  are  not  well  understood,  because  of  the  number  of 
contributing  factors  and  complexity  of  the  interactions  within  the  ceramic. 

A  first  step  m  the  analysis  of  a  ferroelectric  ceramic  material  :s  to  separate  the 
intrinsic  and  extrinsic  contributions  to  the  properties.  The  intrinsic  contributions 
result  from  the  averaging  of  the  single-domain  single-crystal  properties,  while  the 
extrinsic  contributions  arise  from  the  interactions  at  grain  or  phase  boundaries  and 
from  the  domain  wall  or  thermally  induced  defect  motions.  Unfortunately,  due  to 
the  difficulty  of  growing  good  quality  single  crystals  of  PZT.  very  little  reliable 
single-crystal  data  is  available.  Thus  the  goal  of  this  project  was  to  use  a  ther¬ 
modynamic  phenomenological  theory  to  calculate  the  single-domain  properties  of 
PZT.  The  results  of  this  theory  could  then  be  used  to  separate  the  intrinsic  and 
extrinsic  contributions  to  the  ceramic  properties.  In  addition  there  are  several  other 
applications  of  this  theory,  which  will  be  described  later  in  this  summary. 

In  the  first  paper  of  this  series  a  modified  elastic  Gibbs  tree  energy  function  was 
expanded  m  powers  of  the  ferroelectric  and  antiferroelectnc  order  parameters.  An 
additional  order  parameter  was  also  included  to  account  for  the  tilting  of  the  oxygen 
octahedra  in  the  low-temperature  rhombohedrai  phase.  The  resulting  energy  func¬ 
tion  can  be  used  to  model  the  phase  transitions  and  single-domain  properties  of 
rhe  entire  PZT  system.  Solutions  to  this  energy  function  were  used  to  derive 
relations  for  the  energies;  spontaneous  polarizations,  strains,  and  tilt  angles;  and 
dielectric  and  piezoelectric  properties  corresponding  to  the  different  phases  in  the 
PZT  system. 

All  of  the  coefficients  of  the  energy  function  were  assumed  to  be  independent 
of  temperature,  except  the  ferroelectric  and  untiferroelectric  dielectric  stiffness 
coefficients  a,  and  a,,  which  were  given  linear  temperature  dependences  based  on 
the  Curie- Weiss  law.  The  experimental  phase  diagram  was  extensively  used  in  the 
evaluation  of  the  coefficients,  by  requiring  that  the  energies  of  the  adjacent  phases 
of  a  phase  transition  must  be  equal  at  the  transition.  The  first  partial  derivative 
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stability  conditions  were  also  used  as  additional  relations  in  the  evaluation  pro¬ 
cedure. 

Without  single-crystal  data,  the  development  of  this  theory  was  complicated  and 
involved  indirect  methods  of  determining  the  coefficients  of  the  energy  function. 
Additional  experimental  data  were  needed  to  determine  the  compositional  de¬ 
pendence  of  the  coefficients.  A  sol-gel  procedure  was  used  to  prepare  pure  ho¬ 
mogeneous  PZT  powders  across  the  phase  diagram  to  be  used  in  collecting  addi¬ 
tional  PZT  data.  The  lattice  constants  versus  temperature  were  determined  from 
these  powders  from  high-temperature  x-ray  diffraction,  and  used  to  calculate  the 
spontaneous  strain.- 13 19  The  sol-gel  derived  powders  were  also  used  to  fabricate 
ceramic  samples  tor  dielectric,  piezoelectric,  elastic,  pyroelectric,  and  electrostric- 
tive  measurements.3  r  30  21 ::  These  data  were  very  important  in  completing  the 
evaluation  of  the  coefficients  of  the  energy  function. 

The  compositional  dependence  of  the  cubic  electrostnctive  constants  across  the 
PZT  system  were  determined  from  a  combination  of  single  crystal  and  ceramic 
data  using  series  and  parallel  averaging  relations  (analogous  to  the  Reuss  and  Voigt 
methods  of  averaging  the  elastic  constants).17  An  interesting  result  of  this  work 
was  that  the  electrostrictive  constants  form  a  peak  at  the  PZT  50/50  composition. 
In  addition,  the  ratios  of  the  electrostrictive  constants  change  with  composition  in 
such  a  way  as  to  explain  the  compositional  dependence  of  the  electromechanical 
anisotropy  found  in  PZT  ceramics.33  The  electromechanical  anisotropy  is  very  large 
in  compositions  near  the  end  members  PbTiO:,  and  PbZrO:„  but  becomes  very 
small  for  compositions  in  the  center  of  the  phase  diagram  near  the  morphotropic 
phase  boundary. 

In  the  second  paper  of  this  series  the  electrostrictive  data  were  used  with  the 
spontaneous  strain  data  to  calculate  the  spontaneous  polarization,  which  was  used 
to  determine  values  of  the  higher-order  dielectric  stiffness  coefficients.  In  the  third 
paper  of  this  senes  low-temperature  ceramic  dielectric  data  were  particularlv  im¬ 
portant  in  determining  the  compositional  dependence  of  the  Curie  constant,  and 
in  separating  the  sixth-order  polarization  interaction  coefficients  (au;  and  ai:3). 
The  tilt  angle  related  coefficients  were  determined  in  the  fourth  paper  of  the  series 
from  spontaneous  strain  and  tilt  angle  data.  The  compositional  dependence  of  the 
antiferroelectnc  orthorhombic  free  energy  was  determined  by  combining  data  from 
a  separate  theory  developed  for  PbZr03  with  the  requirement  that  the  energies  of 
the  high-temperature  rhombohedral  and  antiferroelectric  orthorhombic  phases  must 
be  equal  at  the  transition  between  these  phases.5 

After  determining  values  of  the  coefficients  at  several  different  compositions  as 
described  above,  the  compositional  dependence  of  the  coefficients  was  determined 
by  fitting  an  equation  to  these  values.  A  set  of  equations  was  then  established  that 
can  be  used  to  calculate  values  of  the  coefficients  at  any  composition. 

Using  these  equations  the  phase  stability,  spontaneous  polarization,  tilt  angle, 
and  dielectric  and  piezoelectric  poperties  were  calculated.  The  theoretically  cal¬ 
culated  phase  diagram  was  shown  to  quantitatively  model  the  experimental  phase 
diagram.  An  independent  check  of  the  coefficients  was  also  made  by  calculating 
the  free  energy  of  the  ferroelectric  orthorhombic  state,  which  showed  that  this 
phase  was  metastable  across  the  phase  diagram  in  agreement  with  the  experimental 
diagram.  The  spontaneous  polarization  and  tilt  angle  were  calculated  for  several 
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compositions  across  the  phase  diagram.  These  calculations  were  in  good  agreement 
with  the  available  experimental  single-crystal  data.  The  dielectric  and  piezoelectric 
properties  were  also  calculated  and  found  to  be  in  good  agreement  with  the  ex¬ 
perimental  data.  As  a  summary  of  these  calculations,  the  theoretical  properties  of 
PZT  at  25=’C  are  listed  in  Table  I. 

Some  limitations  of  the  present  theory  were  found.  Due  to  the  lack  of  experi¬ 
mental  data  for  the  low-temperature  rhombohedral  phase,  especially  tilt  angle  data, 
some  assumptions  were  necessary  m  determining  the  compositional  dependence  of 
the  tilt  angle  related  coefficients.  In  addition  these  coefficients  were  assumed  to 
be  independent  of  temperature,  and  only  tilt  angle  terms  up  to  the  fourth  power 
were  included.  With  these  assumptions,  the  calculations  of  the  spontaneous  po¬ 
larization.  tilt  angle,  and  dielectric  properties  were  still  in  fairly  good  agreement 
with  the  experimental  single-crystal  data  at  the  PZT  90/10  composition. 

The  problems  developed  in  the  calculations  for  compositions  with  greater  tita¬ 
nium  content.  The  spontaneous  polarization  calculated  in  the  low-temperature 
rhombohedral  phase  for  the  PZT  70/30  and  60/40  compositions  increased  more 
than  would  be  expected.  Another  problem  was  found  when  calculating  the  dielectric 
susceptibility  (negative  values  resulted)  in  the  high-temperature  rhombohedral  phase 
at  temperatures  near  Tc  and  at  compositions  close  to  the  morphotropic  boundary. 
However,  away  from  this  small  region  .he  dielectric  properties  could  be  calculated 
in  good  agreement  with  the  available  experimental  data. 

The  present  theory  could  be  improved  as  add'*;onal  experimental  data  becomes 
available.  In  particular,  additional  spontaneous  strain  data  on  very  homogeneous 
powders  are  needed  to  more  precisely  locate  the  tricritical  point  on  the  lead  titanate 
side  of  the  phase  diagram.  Strain  data  for  compositions  close  to  lead  zirconate  are 
a^o  needed  to  determine  the  compositional  dependence  of  the  antiferroelectnc 
coefficients.  Finally,  additional  tilt  angle  data  are  needed  to  more  accurately  de¬ 
termine  the  tilt  angle  related  coefficients. 

In  this  series  of  papers  a  single  energy  function  and  set  of  coefficients  was 
presented  that  can  be  used  to  model  all  of  the  known  phase  transitions  in  the  PZT 
solid  solution  system.  This  theory  can  also  be  used  to  calculate  the  single  domain 
properties  of  PZT.  In  addition  to  the  properties  already  calculated. the  theory  can 
be  used  to  calculate  the  elastic  compliances  at  constant  electric  field,  the  dielectric 
susceptibilities  at  constant  strain  (the  dielectric  susceptibilities  calculated  in  this 
paper  were  at  constant  stress),  and  thermal  properties  such  as  the  entropy  change 
and  latent  heat  at  a  transition.26  r  This  theory  can  now  be  used  for  several  different 
applications. 

One  application  that  this  theory  has  already  been  used  for  was  to  help  explain 
the  large  electromechanical  anisotropy  that  occurs  in  PbTiO?  ceramics,  but  not  in 
single  crystals.  By  averaging  the  single-crystal  constants  obtained  from  this  theory, 
a  large  electromechanical  anisotropy  was  found  to  occur  due  to  the  particular  values 
of  the  single-crystal  electrostnctive  ratios  of  PbTiO,.23  Other  compositions  in  ce¬ 
ramic  form,  such  as  PZT  50/50.  have  small  electromechanical  anisotropy,  because 
the  values  of  the  single  crystal  electrostnctive  ratios  have  changed. 

The  intrinsic  and  extrinsic  contributions  to  the  properties  of  polycrystalline  PZT 
ceramics  can  now  be  separated  with  the  results  of  this  theory.  By  using  simple 
averaging  relations  the  intrinsic  contributions  to  the  ceramic  properties  can  be 
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calculated  from  the  theoretical  single-domain  properties.  By  then  comparing  these 
properties  with  the  experimental  measurements  on  ceramic  samples,  the  extrinsic 
contributions  can  be  determined.  Comparisons  with  low-temperature  and  high- 
frequency  measurements  on  ceramics  will  be  particularly  useful  in  determining  the 
conditions  necessary  for  these  extrinsic  contributions  to  ‘freeze  out"  as  temperature 
decreases  and  "relax  out"  as  frequency  increases.  After  separating  the  extrinsic 
contributions,  comparisons  of  these  results  hould  be  made  with  the  calculations 
from  other  theories,  such  as  that  by  Arlt  and  Peusens.38  where  the  domain  wall 
contributions  to  the  dielectric  constant  of  BaTi03  ceramics  were  calculated. 

This  theory  can  also  be  used  to  study  the  effects  of  electrical  and  mechanical 
boundary  conditions  on  the  properties  and  phase  stability,  which  should  also  lead 
to  a  better  understanding  of  ferroelectric  polvcrystalline  materials  where  the  bound¬ 
ary  conditions  may  vary  from  grain  to  grain.  Amin  er  al. 1J  39  studied  these  effects 
using  the  earlier  phenomenological  theory  that  was  developed  for  the  morphotropic 
phase  boundary  region.30  They  found  that  the  application  of  an  electric  field  would 
easily  transform  the  rhombohedral  state  to  the  tetragonal  state,  but  that  by  applying 
a  field  to  the  tetragonal  state  would  not  transform  it  to  the  rhombohedral  state. 
They  concluded  "that  this  may  be  part  of  the  reason  there  is  a  rapid  escalation  of 
coercivitv  against  poling  in  the  tetragonal  phase  compositions."  Amin  er  al. 14  also 
studied  the  effect  of  hydrostatic  pressure  on  the  properties  and  phase  stability,  and 
found  that  for  morphotropic  boundary  compositions  the  rhombohedral  phase  can 
easily  be  transformed  to  the  tetragonal  phase  from  applied  hydrostatic  pressure. 
Additional  studies  of  the  effects  of  electrical  and  mechanical  boundary  conditions 
should  now  be  continued  using  the  more  complete  theory  of  PZT  that  has  been 
presented  here. 

The  energy  function  developed  for  PZT  was  based  on  the  elastic  Gibbs  tree 
energy,  which  resulted  in  dielectric  stiffness  coefficients  under  constant  stress  con¬ 
ditions.  If  the  Helmholtz  free  energy  had  been  used,  then  the  dielectric  stitfness 
coefficients  would  be  under  constant  strain  conditions.  The  fourth-order  dielectric 
stiffness  coefficients  from  these  two  energy  functions  can  be  related  through  terms 
involving  the  electrostrictive  and  elastic  constants.36  31  Since  the  fourth-order  di¬ 
electric  stiffness  coefficients  changed  signs  with  composition  and  caused  the  tn- 
cntical  behavior  to  occur,  it  would  now  be  useful  to  compare  these  coefficients 
with  the  coefficients  from  the  Helmholtz  function  to  determine  if  the  tncntical 
behavior  is  due  to  the  electrosttictive  coupling,  or  due  to  the  intrinsic  behavior  of 
the  material.  By  comparing  the  coefficients  of  the  energy  functions  additional 
understanding  of  the  pnase  stability  may  be  gained. 

With  the  phenomenological  theory  developed  for  the  PZT  system,  extensions 
into  more  complex  systems,  such  as  lanthanum  modified  PZT  (PLZT).  can  now 
be  attempted.  This  should  be  important,  because  for  most  technological  applica¬ 
tions  PZT  is  modified  with  other  ions.  Extending  the  PZT  theory  into  the  PLZT 
system  should  also  be  useful  in  furthering  the  understanding  of  relaxor  type  fer¬ 
roelectric  materials. 

In  addition  to  the  applications  described  above,  the  phenomenological  theory  of 
PZT  will  provide  a  method  of  collecting  all  of  the  dielectric,  piezoelectric,  elastic, 
and  thermal  data  into  an  organized  and  easily  tractable  form.  The  methodology 
outlined  in  this  series  of  papers  can  be  used  similarly  for  any  solid  solution  system 
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which  has  the  same  order  parameters  as  PZT.  Hypothetical  phase  diagrams  with 
desired  properties  can  be  constructed,  and  then  compared  with  existing  systems  to 
find  candidates  for  further  study. 
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Values  of  the  ctectn*trictfra  coosUats  for  the  lead  zircosutit 
titiuute  (PZT)  soUd-solntion  system  were  required  to  com* 
pkte  the  deveiopmeci  of  a  thermodynamic  pfaeoomeaotogkai 
theory  of  PZT.  The  electrostrictive  5u  constant  was  meas¬ 
ured  at  a  function  of  composition  on  poJycrystaiiine  ceramic 
PZT  samples.  These  data  were  used  with  additional  single* 
crystal  and  ceramic  data  from  the  literature  to  approximate 
the  compositional  dependence  of  the  ekctnwtrktive  constants 
of  the  PZT  system.  Series  and  parallel  equations,  analogous 
to  the  Voigt  and  Reuss  models  for  the  elastic  constants*  were 
used  to  rdate  the  ceramic  and  single-crystal  data,  and  to  pre¬ 
dict  the  upper  and  lower  bounds  of  the  ceramic  electrostric* 
tive  constants  from  the  single-crystal  constants.  {Key  words: 
lead  zlrconate  titanate,  electrical  ceramics,  polycrystailine 
materials,  electronic  properties,  solid  solutions.] 

I.  Introduction 

Compositions  in  the  lead  zirconate  titanate  (PZT)  solid- 
solution  system  have  been  widely  used  m  piezoelectric  trans¬ 
ducer  applications  in  polycrystillinc  ceramic  form.1  However, 
considerable  difficulty  has  been  encountered  when  attempting  to 
grow  single  crystals  of  PZT.*  Without  single-crystal  data  indirect 
methods  have  been  required  to  determine  the  coefficients  of  i 
thermodynamic  energy  function  for  the  PZT  system.5  4 

In  one  particularly  important  indirect  method,  spontaneous 
strain  and  electrostncuve  data  were  used  to  calculate  the  spon¬ 
taneous  polarization. M  Because  of  the  lack  of  experimental 
electrostncuve  data  on  PZT,  the  electrostncuve  constants  were 
assumed  to  be  independent  of  composiuoa  and  temperature.  Zom 
et  al. 5  used  an  X-ray  technique  to  measure  the  composition  and 
temperature  dependence  of  the  electrostncuve  constants  of  crystal¬ 
lites  in  PZT  (modified  with  strontium,  barium,  and  niobium)  ce¬ 
ramic  samples  with  compositions  near  the  tetrag^mal-rhombohedral 
morphotropic  phase  boundary.  They  found  that  the  ciectrostric- 
tive  constants  were  independent  of  temperature,  but  dependent 
on  composition. 

The  purpose  of  this  study  was  to  further  investigate  the  compo¬ 
sition  and  temperature  dependence  of  the  electrostncuve  con¬ 
stants  in  the  PZT  system.  In  the  next  section  calculations  of  the 
temperature  dependence  of  the  electrostrictive  constants  for  three 
PZT  compositions  will  be  presented.  In  Section  III  the  results 
of  experimental  measurements  of  the  compositional  dependence 
of  the  ceramic  electrostrictive  2i:  constant  will  be  described 
^throughout  the  paper  a  bar  over  a  symbol  will  be  used  to  refer  to 
polycrystailine  ceramic  constants,  and  a  symbol  without  a  bar 
will  refer  to  single-crystal  constants).  In  Section  !V  senes  and 
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parallel  averaging  relations,  analogous  to  the  Voigt  and  Reuss 
methods  of  averaging  the  elastic  constants,6  will  be  used  to  calcu¬ 
late  the  single-crystal  electrostncuve  constants  of  two  PZT  com¬ 
positions  from  a  combinauon  of  single-crystal  and  ceramic  data. 
The  data  from  Sections  HI  and  IV  will  then  be  used  in  Section  V 
with  additional  data  from  the  literature  to  approximate  the  com¬ 
positional  dependence  of  the  electrostncuve  constants  of  PZT,  Fi¬ 
nally,  a  summary  of  this  study  will  be  presented  m  Section  VI. 

II.  Temperature  Dependence  of  the  Electrostrictive 
Constants  of  PZT 

The  temperature  dependences  of  the  electrostncuve  constants 
of  perovskite  ferroelectncs  were  previously  studied.  Jang"  and 
Uchino  et  al. 1  found  that  the  single-crystal  electrostncuve  con¬ 
stants  Qu  and  Qn  of  P^Mg^Nb^jOj  are  independent  of  tem¬ 
perature,  within  die  limits  of  their  experimental  error.  Zom  et  al. 3 
found  that  from  150*  to  200°C  the  electrostrictive  constants  Qtx% 
<2u,  and  Qu  of  crystallites  in  Pbof3Sro  i:Ba)W(Zr06Ti0)»Nboo:JOj 
ceramic  were  independent  of  temperature,  again  within  the  limits 
of  the  experimental  error.  In  addiuon,  Meng  et  al. 9  found  that  the 
2m  and  Qm  constants  of  ceramic  PLZT  were  virtually  indepen¬ 
dent  of  temperature.  From  these  measurements  the  electrostnc¬ 
uve  constants  of  perovskite  ferroelectncs  appear  to  be  fairly 
independent  of  temperature.  In  this  secuon  addiuonai  calculations 
from  published  data  will  be  presented  to  further  demonstrate  that 
the  electrostrictive  constants  of  PZT  compositions  are  only 
slightly  temperature  dependent. 

The  temperature  depmdcnce  of  the  spontaneous  polarization 
and  strain  will  be  used  to  calculate  the  eiectrostncuve  constants 
for  PbTiOj,  PZT  40/60  (40%  PbZrO,  and  60%  PbTiO,).  and 
PZT  90/10  using  the  following  tetragonal  and  rhombohedrai 
relauon'j:3 


Tetragonal 


jr,  »  xi  =  QttP\ 

<  Id) 

*)  =  QmP] 

x4  =*  x,  =  x*  =  0 

*  lc> 

Rhombohedrai 

x,  a  JC2  =*  X)  =  (C„  •»•  2Q^P\ 

'll) 

X.  =<  X,  =  x,  =  Q»P] 

O) 

The  x,  (i  =*  1,  2, .  6)  are  the  spontaneous  strains  in  reduced 

notauon.  Qu,  Qlit  and  Q M  are  the  cubic  electrostncuve  constants. 
P}  is  the  component  of  the  spontaneous  polaruauon  m  the  x,  di¬ 
rection  and  is  equal  to  die  spontaneous  polanzauon  {Ps)  m  the  te¬ 
tragonal  phase.  In  the  rhombehcdral  phase  P$  a  3 if2Py 
Equations  (l)  and  (2)  were  derived  from  the  Devonshire  form 
of  the  elastic  Gibbs  free  energy  function  under  zero  stress  con¬ 
ditions3  and  can  be  used  to  calculate  the  electrostncuve  con¬ 
stants  from  experimental  spontaneous  polanzauon  ana  stnun  daia. 
Equauon  (2)  represents  the  spontaneous  strain  relations  for  the 
h*gh- temperature  rhombohedrai  phase  in  the  PZT  system.  The 
low-temperature  rhombohedrai  phase  will  not  be  dealt  with  m 
this  paper  (see  Ref.  4  for  strain  relauons  for  this  phase).  Equa- 
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non  i  \ )  will  be  used  for  the  PbTiOj  md  PZT  *10/ 60  compositions, 
which  have  tetragonal  strucmres  m  the  ferroelectric  state  Equa¬ 
tion  (2)  will  be  used  for  the  rhombobedral  PZT  90/ 10  composition. 

The  only  direct  experimental  data  available  on  the  temperature 
dependence  of  the  spontaneous  polarization  of  single-crystal  Pb- 
TtOi  was  calculated  by  Remeika  and  Glass10  from  pyroelectric 
measurements.  They  found  the  room-temperature  Ps  value  to  be 
0  56  C/m:  using  liquid  electrodes  and  a  pulsed  field  technique. 
This  value  »$  smaller  than  Gavnlyacheako  et  at .  'slf  value  of 
0  75  C/m:  For  use  in  calculating  the  eiectrostrictive  con¬ 
stants.  Remeika  and  Glass’s  data  were  corrected  to  agree  with 
Gavnlyachenko  ef  ai.  's  value  using  the  following  relation: 

Ps  »  *  0  17  C/m:)  (0.75/0.56)  (3) 


l/5  was  the  change  m  poianzauon  that  Remeika  end  Glass  calcu¬ 
lated  from  their  pyroelectric  measurements,  and  0. 17  us  their  Ps 
value  at  Tc- 

Haun  tt  ai. 12  calculated  the  spontaneous  strains  x,  and  x3  of  the 
tetragonal  structure  of  PbTiOj  from  high-temperature  X-ray  dif¬ 
fraction  ceil  constant  data  by  assuming  that  the  eleccrostncuve 
constants  were  independent  of  temperature.  The  following  pro¬ 
cedure  was  used  to  recalculate  the  spontaneous  strains  independ¬ 
ently  of  the  eiectrostrictive  constants.  Using  the  data  from 
Ref  12  the  first  step  was  to  use  a  linear  extrapolation  of  the  cubic 
cell  constant  down  in  temperature  to  the  first  four  sets  of  tetrago¬ 
nal  cell  constant  data.  The  spontaneous  strains  x,  and  x}  were 
then  calculated  at  these  four  temperatures  using  the  following 
equations  from  Ref.  12: 


x\ 


gr  ~  <3<r 


(4) 


where  aT  and  cr  are  the  tetragonal  cell  constants,  and  a/  is  the 
extrapolation  of  the  cubic  cell  constant.  These  four  sets  of  'train 
data  were  fitted  with  the  following  theoretical  relations  (Eqs.  ( 17) 
and  (18)  from  Ref  12). 


*i  3  to io 
where 


X)  =*  to  jo 


3(7  -  gTM 

4<rc  -  at J  J 


(5) 


Tc  and  d  are  the  Curie  and  Cone- Weiss  temperatures,  and  x!0 
and  xw  are  the  spontaneous  strains  of  the  tetragonal  *ure  at  Tc  T- 
was  set  equal  to  492. 2°C  (Ref.  12),  and  -9,  x^,  and  x*  were  de¬ 
termined  from  the  best  least-squares  fit  of  the  data. 

using  the  constants  obtained  from  this  fitting  le  spontaneous 
strain  was  extrapolated  down  to  lower  tcraoentures  and  used 
with  Remeika  and  Glass  s  corrected  polanzanon  data  (described 
atovei  to  calculate  the  temperature  dependence  of  the  electro- 
stnctive  Qu  and  Qxl  constants  of  PbTiO,,  ts  shown  in  Fig  >(*) 
Only  a  slight  temperature  dependence  was  found  up  to  about 
iOOT  The  larger  increase  of  the  eiectrostrictive  cowtams  above 
300°C  was  probably  doe  to  the  larger  error  :n  polarization  and 
strain  data  near  Tc  where  large  changes  occur  m  these  quanti¬ 
ties.  The  depolarization  of  the  sample  above  SOOT  is  likely  to 
cause  an  increase  in  calculated  eiectrostncuve  constants  The 
values  of  the  percent  change  m  Q„ ,  Q}2,  ~Qi,/Qu.  and  Qh 
l^Qu  **“  2Qa)  for  PbTiO!  from  0°  to  100°C  are  listed  in  Table  1. 
All  three  constants  change  less  than  2%/10Q°C,  and  the  ratio 
-Qu/Qi2  changes  only  0.37%/ lOOT. 

Tsuzuki  a  ai. 13  determined  the  spontaneous  polanzanon  versus 
temperature  on  a  PZT  40/C0  single  crystal  from  ferroelectric 
hysteresis  loop  measurements.  These  data  were  used  with 
spontaneous  strain  dau  from  Amin  tt  ai.}  to  calculate  the  tem¬ 
perature  dependence  of  the  electros  incuse  constants  Qu  and  Qt2, 
as  shown  in  Fig.  !(b).  Since  these  strain  data  were  calculated  us¬ 
ing  the  cubed  root  of  the  tetragonal  volume  as  (be  extrapolation 
of  the  cubic  cell  constant  (problems  develop  when  using  this  pro* 
cedure;  see  Ref  12  for  details),  they  were  first  corrected  using 
die  value  of  the  Qu  ratio  that  was  determined  in  Section  V  of 
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Fig.  t.  Single-crystal  eiectrostncuve  constants  cloned 
versus  tempemurt  for  (a)  PbTiO,,  ib)  PZT  40/60.  and 
(c)  PZT  90/10. 


this  paper.  As  can  be  seen  in  Figure  4  nb).  the  electros tnctive 
constants  of  PZT  40/60  are  only  slightly  temperature  dependent 
This  dependence  again  becomes  stronger  at  temperatures  ap¬ 
proaching  Tc .  probably  because  of  the  larger  error  in  this  region 
The  %  change/  100°C  is  listed  in  Table  1.  The  value  is  larger  than 
that  of  PbTiOj,  but  suil  should  be  considered  small. 

Clarke  and  Glazer*  determined  the  temperature  dependence  of 
the  spontaneous  polanzanon  of  PZT  90/ 10  single  crystals  from 
hysteresis  loop  measurements.  They  also  measured  the  rhombo¬ 
bedral  cell  constants  using  high-temperature  X-ray  diffraction.  The 
spontaneous  strain  x4  [=(90  -  ar)/90]  was  calculated  from  thetr 
rhombohednd  angle  taf )  data  and  used  with  the  polarization  dau 
to  calculate  the  eiectrostncuve  Qu  constant  in  the  hi gh-tempe na¬ 
ture  rhombohednd  state,  as  shown  m  Fig.  1(c).  From  140°  to 
l90°C  the  Qu  constant  was  virtually  independent  of  temperature 
with  only  a  0.47%  change/  100*C  from  a  linear  fit  (listed  m 
Table  0.  Above  and  below  the  plotted  temperature  range  the  Qu 
increased  significantly  as  the  temperature  approached  the  tradi¬ 
tions  to  the  cubic  phase  at  higher  tempet  attires,  and  the  low-tem¬ 
perature  rhombohedrai  phase  at  lower  temperatures  This  is  3g*>i5 
believed  to  be  due  to  the  larger  experimental  error  in  the  me  45- 
urements  at  temperatures  close  to  the  transitions. 

From  the  dau  m  Fig.  I  and  Table  I,  it  can  be  concluded  that 
the  eiectrostncuve  constants  of  PbTiOj  and  PZT  compositions 
are  only  slightly  temperature  dependent  in  agreement  with  the 
dau  in  the  literature  on  perovskite  ferroelecmcs 


Table  I,  Temperature  Dependence  of  the  Eiectrostrictive 
Constanta  of  PZT 


Cornposiooe 

Consort 

Temp  nnjt  1*0 

change '  !00*C 

PbTiOj 

Qu 

0-100 

!  4 

PbTiOj 

-Qu 

0-100 

1  3 

PbTiOj 

Q„ 

0-100 

l  0 

PbTiOj 

“Qu/ Qll 

0-100 

0  37 

PZT  40/60 

Qu » -Qu 

23-150 

5  2 

PZT  90/  IQ 

Qu 

140-190 

0  47 
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Table  II.  ExperifTieataJ  Values  of  the 
Ceramic  PZT  Eiectrostnciive  g„  Constant 


— 1  “  ‘  *■ 

Zf/Ti 

m*  C:i 

90/ 10 

-0  0060 

70/30 

-0  0075 

60/40 

-0  0090 

52/48 

-0  0158 

50/50 

-0  0228 

Table  III.  Single-Crystal  Elect  restrictive  Constanta 


Compoiincn 

Q„  tn‘'Ch 

Qm  O 

Q -  m*  C!' 

PbTiO, 

0.089* 

-0  026* 

0  0675' 

PZT  50/50 

0  0966 

-0  0460 

0  0819 

PZT  90/10 

0  0508 

-0  0154 

0  0490 

'From  Ref  1 2  From  Ref  22. 


Ill*  Experimental  Measurements  of  the  Ceramic  5o 
Ccmstasi 

As  described  in  Section  I,  the  values  of  the  single-crystal  electro- 
stneuve  constants  as  a  funcuon  of  composition  axe  required  for 
the  development  of  a  thermodynamic  theory  of  PZT.  Because  of 
the  difficulty  of  growing  single  crystals  of  PZT.  very  few  single- 
crystal  electrostncuve  data  exist.  Some  electrostnctiYe  data  were 
measured  on  ceramic  PZT  samples, 3  but  these  data  are  conflict¬ 
ing  and  do  not  provide  a  complete  picture  of  the  electrostncuve 
properties  of  PZT.  To  provide  additional  data  to  determine 
the  compositional  dependence  of  the  electrostncuve  constants  in 
the  PZT  system,  the  5i2  constant  was  measured  on  a  series 
of  ceramic  samples.  These  measurements  will  be  desenbed  in 
this  section. 

Pare  homogeneous  PZT  ceramic  samples  were  fabricated  from 
soF-gel-denved  powders  as  desenbed  in  Ref.  16.  Thin  rectangular- 
shaped  samples  with  dimensions  of  10  by  4  by  0.3  mm  were  cut 
from  sintered  disks,  and  sputtered  with  gold  electrodes.  The  elec¬ 
trostncuve  strain  and  poianzauon  were  measured  simultaneously 
under  a  cycling  electric  field  at  a  frequency  of  0. 1  Hz.  A  vanable 
frequency  modified  Sawyer-Tower  circuit17  was  used  to  measure 
polaruauon-electnc  field  hysteresis  loops,  which  were  then  used 
to  determine  the  polarization  as  a  function  of  applied  eleeme 
field.  A  polymudc-based  foil  strain  gage*  was  carefully  bonded 
to  the  samples  with  a  polyester  adhesive.1  The  gage  resistance 
was  measured  using  a  dc  bridge  type  dynamic  strain  amplifier.** 
The  transverse  strain  level.  x,2f  was  then  recorded  on  a  strip  chart 
recorder  as  a  funcuon  of  electric  field. 

The  electrostncuve  5i2  constant  was  calculated  from  the  slope 
of  the  transverse  strain  plotted  versus  the  square  of  the  goianza- 
uon  using  the  method  desenbed  in  Ref.  9,  The  resulting  Qn  val¬ 
ues  for  five  PZT  composiuons  are  listed  in  Table  H  a ad  plotted 
later  m  this  paper  m  Fig.  3(bj.  The  5u  constant  increased  slightly 
from  PZT  90/ 10  to  60/40,  and  then  a  large  increase  occurred 
near  the  PZT  50/  50  composition.  Zorn  et  ai. 5  found  similar  re¬ 
sults  for  Pb0uSroi2BaoM[Zr*Tio«.fNbooaJOj  composiuons  with 
t  ranging  from  0.45  to  0.65,  where  the  Qu  constant,  as  well  as 
die  Qlt  constant,  increased  wuh  increasing  autmura  content. 

IV.  Calculation  of  tht  Slngk-Crystai  Ekctroetrtetive 
Constants  for  PZT  50/50  and  90/10 

The  ceramic  5:  data  presented  in  Section  HI  were  used  with 
additional  data  from  the  literature  to  determine  the  single-crystal 
electrostncuve  constants  using  senes  and  parallel  averaging  rela¬ 
tions  PZT  50/50  and  90/10  were  the  only  compositions  where 
enough  electrostncuve  data  were  available  to  use  this  procedure. 
The  methods  used  to  calculate  the  constants  for  these  composi¬ 
uons  will  be  desenbed  in  this  section. 

Senes  and  parallel  electrostncuve  averaging  relations,  analo¬ 
gous  ?o  the  Voigt  and  Reuss  methods  of  averaging  the  elastic 
constants/  were (presented  m  Ref  18  These  equanoos  relate  the 
polycrystailine  SL,  5u.  md  5**  constants  to  the  single-crystal 
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constants.  However,  because  a  polycrystailine  matenal  is  iso¬ 
tropic,  the  Qu  equauoo  is  related  to  the  g„  and  5u  relations,  and 
thus  only  two  independent  equauons  exist  for  the  senes  or  paral¬ 
lel  models.  For  this  reason,  if  values  of  the  polycrystailine  5u 
and  Q12  constants  are  known,  then  a  single-crystal  constant  or 
some  relation  involving  the  single-crystal  constants  will  also  have 
to  be  determined  to  be  able  to  use  these  averaging  equations  to 
solve  for  the  single-crystal  Qlu  Qn%  and  Qu  constants. 

The  following  procedure  was  used  to  calculate  the  single- 
crystal  constants  of  PZT  50/50  using  the  ceramic  5:  value  of 
-0  0228  mVC2  from  Table  H,  and  addiuonal  mformauon  from 
die  literature.  Zhuang  et  ai  lf  measured  the  ceramic  piezoelectric 
?j3  and  ?)i  charge  coefficients  and  found  that  the  ?}3/Jt,  ratio 
was  -2-2  for  the  PZT  50/50  composiuon.  The  ceramic  2u/{?u 
rano  has  a  value  of  -2.2,  assuming  that  the  boundary  conditions 
are  the  same  for  the  ?33  and  ?3,  coefficients  (see  Ref.  18  for  more 
details  concerning  this  assumption).  If  the  ceramic  5u/5'i  rauo 
is  close  to  -2.  then  the  single-crystal  Qlt/Qi2  rauo  will  also  have 
a  value  close  to  -2  when  using  either  the  senes  or  parallel 
models. 11  Zom  et  ai, 5  experimentally  found  that  the  <2u/<2a  rauo 
was  approximately  -2  for  PZT  composiuons  (modified  with 
strontium,  barium,  and  niobium)  close  to  the  tetragonal -rhombo- 
hedral  morphotropic  boundary. 

Using  the  ceramic  Jo  value  of  -0  0228  m4/C2  and  a  ceramic 
(?ii/(Ji2  ratio  of  -2.2,  the  single-crystal  Qu/Qu  ratio  was  varied 
to  obtain  reasonable  values  of  the  single-crystal  constants  using 
the  senes  and  parallel  models.  This  procedure  resulted  in  a 
single-crystal  Cn/Ci:  rauo  of  -2.1,  and  the  same  single-crystal 
Qu  and  £12  constants  when  using  either  model,  but  different  Q M 
values.  The  senes  model  gave  a  Qu  of  0.0532  m4/C\  while  the 
parallel  model  resulted  in  a  value  of  0. 1 106  m4/C2.  The  average 
of  the  two  models  was  taken  as  the  Qu  for  this  composition  and 
is  listed  in  Table  III  aiong  with  the  resulting  2u  and  Qu  values. 

The  senes  and  parallel  models  were  also  used  to  determine  the 
single-crystal  constants  for  the  PZT  90/10  composition  using 
the  ceramic  (Jl2  value  of  -0.006  raVC1  from  Table  U,  and  addi¬ 
tional  data  from  the  literature.  A  single-crystal  Qu  constant  of 
0  049  mVC2  was  calculated  in  the  high-temperature  rhombohe- 
dral  state  from  Clarke  and  GlazerV*  spontaneous  poianzauon 
data,  and  Haun  et  ai . s20  spontaneous  strain  x4  data.  Ujma  et  ai. 21 
calculated  the  hydrostac;  electrostncuve  5>  ('*5u  **  25iJ 
stant  for  ceramic  PbZr03  as  a  function  of  temperature  and  defect 
concentration  from  measurements  of  the  pressure  Cone  constant 
(linear  slope  of  the  inverse  dielectnc  constant  of  the  cubic  phase 
versus  pressure).  They  found  that  the  decreased  with  increas¬ 
ing  temperature  above  Tc.  Assuming  that  this  temperature  depen¬ 
dence  was  due  to  their  measurements  close  to  Tc ,  a  value  of  5* 
of  0.02  m4/C2  was  chosen  from  their  highest  temperature  meas¬ 
urement  above  Tc  on  a  defect- free  sample.  The  PZT  90/ 10  com¬ 
position  was  also  assumed  to  have  this  value  of  {?* 

Using  the  above  values  of  the  single-crystal  Qu  and  ceramic 
and  5*  constants,  the  single-crystal  electrostncuve  constants 
of  the  PZT  90/ 10  composiuon  were  calculated  from  the  senes  and 
parallel  models.  The  ceramic  5,2  constant  and  ceramic  5u/ 
(calculated  from  (Ju  and  5*)  rauo  were  fixed,  while  the  single¬ 
crystal  QJQxi  rauo  was  vaned  until  the  average  of  the  senes  and 
parallel  Qu s  was  equal  to  the  expenmentai  value.  Because  the 
Qu/Qu  and  3n/5,j  rauo*  were  used  m  the  senes  and  parallel 


models,  the  same  values  or  Qu  and  Qn  result  with  different 
s  The  senes  model  gave  a  Q*  value  of  0  0385  mVC2,  while 
the  parallel  model  gave  a  value  of  0  0592  m*/C2  The  average  of 
these  rwo  values  was  used  as  the  Qu  for  the  PZT  90/10  composi- 
tton  and  is  listed  m  Table  III  along  with  the  resulting  Qu  and 
Qi:  values. 


V.  Compositional  Dependence  of  t be  Ekctrostrictive 
Constants  of  PZT 

In  this  section  the  single-crystal  eiectrostnctive  constants 
determined  m  the  last  section  for  the  PZT  50/50  and  90/10  com¬ 
positions  will  be  used  with  previously  determined  PbTiOj  con- 
stan tslln  to  approximate  the  compositional  dependence  across 
the  PZT  solid-solution  system.  The  values  of  the  constants 
for  these  three  compositions  arc  listed  in  Table  III.  These  data 
indicate  that  all  three  constants  Qu ,  <2u,  and  Qu  have  larger 
values  at  the  PZT  50/50  composition  than  at  the  PbTiOj  or 
PZT  90/10  compositions. 

The  following  Cauchy-type  equation  was  used  to  fit  the  Q n, 
Qllf  and  Qu  dau: 


1  +  bix  -  c) 


1  r  dX  -*•  € 


<6) 


where  a,  b,  c,  i.  and  t  arc  constants,  and  x  is  the  mole  fraction 
of  PbTiOj  in  PZT.  The  constant  c  was  set  equal  to  0.5  to  cause 
the  peaks  to  form  at  the  PZT  50/50  composition.  Values  of 
the  a,  d,  and  t  constants  were  found  by  fitting  the  data  listed  in 
Table  HI.  The  b  constant  was  used  to  control  the  shape  (width)  of 
the  peaks.  A  value  of  200  was  found  to  give  fairly  good  upper 
and  lower  bounds  (senes  and  parallel  models)  around  the  ceramic 
Qxi  dau  listed  m  Table  II  (set  fig.  3(b)). 

The  resulting  values  of  the  five  constants  for  Qn,  Qllt  and  Qu 
are  listed  m  Table  IV  These  values  were  used  to  calculate  the 
compositional  dependence  of  the  eiectrostnctive  constants  using 
£q  (6),  as  shown  m  Fig  2(a),  At  this  time  the  cause  of  the 
increase  of  the  eiectrostnctive  constants  in  the  center  of  the 
phase  diagram  is  not  understood.  However,  this  behavior  gives 
'airly  good  agreement  with  other  experimental  dau.  The  anoma- 
'ous  behavior  may  be  related  to  the  tetragonal-rhombohedrti 
morphotroptc  boundary,  or  possibly  due  to  some  type  of  ordering 
that  occurs  in  the  PZT  structure  zt  the  PZT  50/50  composition. 
In  addition  to  the  peaks  in  the  eiectrostnctive  constants,  and  the 
well-established  peaks  m  the  dielectric  and  piezoeiectnc  proper¬ 
ties  near  the  morphotroptc  boundary,  the  Curie  constant  has  also 
been  found  to  form  a  peak  in  dus  region.23  Studying  these  properties 
in  other  solid-solution  systems,  such  u  the  PtyMg^jNb^XJj- 
PbTiOj  system  where  the  raorphotropic  boundary  occurs  well 
away  from  the  50/50  composition,  may  lead  to  a  better  under¬ 
standing  of  this  behavior. 

The  Qm  constant  and  -QnJQu  ratio  were  also  calculated  and 
plotted  venus  composition  m  figs.  2(b)  and  (c).  The 
ratio  also  forms  a  peak  at  the  PZT  50/50  composition  with  the 
peak  value  approaching  0.5.  The  -QxJQu  ratio  is  analogous  to 
Poisson’s  ratio,  which  is  equal  to  -r12/ru,  where  the  rv  are  the 
clastic  compliance  coefficients.  When  the  value  of  Poisson's  ratio 
approaches  0  5.  the  material  becomes  mechanically  incompress¬ 
ible.  In  a  similar  way,  when  the  -Cu/Cn  ratio  approaches  0.5, 
the  hydrostatic  eiectrostnctive  constant  becomes  very  small  (see 
Fig  2(b)),  and  it  is  difficult  to  produce  a  voluraemc  electrostnc- 
uve  strain  in  the  matenai. 


fig.  2.  Eiectrostnctive  constants  and  ratios  plotted  versus 
composition.  The  smgle-crystai  constants  C„,  -Ql2,  Qu,  and 
Qk  are  ploQfd  ig  (a)  and  (b).  The  single-crystal  -flu/Qiz  ^d 
ceramic  -Q[{/Qa  ratios  (upper  and  lower  limits  labeled  l  and 
2)  are  plotted  in  (c).  The  data  points  in  U)  are  from  Table  III 


Haun  er  ai. !i  showed  that  as  the  single-crystal  - Q\tfQu  ratio 
increases,  the  ceramic  -(Ji ^  ratio  will  also  increase,  when 

using  either  the  senes  or  parallel  models.  This  effect  is  shown  in 
Fig.  2(c),  where  the  ceramic  -ffu/Qn  ratio  is  plotted  versus 
composition  for  the  senes  and  parallel  models.  The  s ingle -crystal 
- Qoj  Q 44  ratio  also  influences  the  ceramic  (Jn  ratio,  but  ha- 
little  effect  when  the  suigie-crystal  -Qw  Cn  ratio  approaches  0  5 

The  piezoeiectnc  anisotropy  (-3}j/3j3)  w  PZT  ceramics  is  o* 
considerable  importance  in  hydrophone  and  medical  ultrasoniu 
imaging  applications,  where  a  large  piezoeiectnc  anisotropy  is 
desued  for  increased  hydrostatic  sensitivity  24  The  piezoeiectnc 
anisotropy  in  PZT  ceramics  is  much  larger  for  compositions  near 
the  end  members  PbTzOj  and  PbZiOj  thin  for  compositions  in  the 
center  of  the  phase  diagram  near  the  rnorphocropK  phase  boundary 

The  values  of  the  single-crystal  eiectrostnctive  ratios  ~Qlzj  Qu 
and  ~Q\z/Qu  have  been  shown  to  be  related  to  the  large  piezo¬ 
eiectnc  anisotropy  that  occurs  in  ceramic  PbTiOj. 1,1  This  same 
type  of  analysis  can  qow  be  extended  across  the  PZT  system 
using  the  eiectrostnctive  data  plotted  in  fig.  2.  The  change  in  the 
single-crystal  eiectrostnctive  ratios  across  the  PZT  system  con- 
tnbutes  to  the  change  in  piezoeiectnc  anisotropy  that  occurs. 
The  dielectric  anisotropy  and  degree  of  poianzanou  have  also  been 
shown  to  be  related  to  the  ceramic  piezoeiectnc  anisotropy  1  1 

The  single-crystal  eiectrostnctive  constants  were  also  used  to 
calculate  the  compositional  dependence  of  the  upper  and  lower 
limits  of  the  ceramic  constants  using  the  series  and  parallel 
models,  as  shown  in  fig.  3.  The  ceramic  dau  points  shown 
id  Fig.  3(b)  are  from  Table  II  and  were  used  to  determine  the 


Tabk  IV.  Valuta  o ( t be  Constants  U«d  la  Eq.  (6)  to  Calculate  the  Compositional  Dependence 

of  the  Ekctrostrictive  Constants  of  PZT 


CoruuLm 

a 

C 

d 

t 

Qu 

0.029578 

200 

0.5 

0.042796 

0  045624 

Gu 

-0.026568 

200 

05 

-0.012093 

-0.013  386 

Qu 

0.025  325 

200 

0  5 

0  020  857 

0  046147 

3.  Upper  inci  lower  limns  of  the  poly  crystalline  ce¬ 
ramic  electros  me  uve  constants  plotted  versus  composition. 
Senes  and  parallel  models  were  used  to  calculate  the 
curves  libeled  1  and  2,  respectively  The  data  points 
shown  m  tb)  art  from  the  ceramic  measurements  listed  in 
Table  U. 


value  of  the  b  constant  (listed  m  Table  IV)  that  caused  the  senes 
and  parallel  models  to  give  upper  and  lower  bounds  around  the 
data,  as  desenbed  earlier  in  this  section.  Larger  peaks  occurred  in 
the  limits  of  the  ceramic  <J|2  constant  compared  to  that  of  the  ijn 
and  ($u  constants.  The  upper  and  lower  limits  of  the  5u  constant 
for  PbZrOj  arc  id  good  agreement  with  experimental  ceramic 
measurements  by  Roleder. 

VI.  Summary 

The  eiectroscncnve  constants  of  PZT  were  shown  to  be  only 
..lightly  lemperaturt  dependent.  The  electrostncnve  Ju  constant 
was  measured  as  a  function  of  composition  on  pure  homogeneous 
PZT  ceramic  samples  fabricated  from  sol-gel  powders.  These 
data  were  used  with  additional  single-crystal  and  ceramic  data 
from  the  literature  to  approximate  values  of  the  single-crystal 
electrostncnve  constants  using  senes  and  parallel  models,  analo¬ 
gous  to  the  Voigt  and  Reuss  models  for  the  clasnc  constants. 

Equations  were  then  used  to  fit  the  compositional  dependence 
of  the  single-crystal  and  ceramic  <&u.  These  equations  were 
used  to  approximate  the  single-crystal  eiettrostneuve  constants 
as  a  function  of  composition.  A  peak  was  found  to  occur  in  the 
electrostnctivc  constants  m  (he  center  of  the  phase  diagram.  Addi¬ 
tional  research  is  needed  to  understand  the  cause  of  this  anoma¬ 
lous  behavior. 

The  change  in  rhe  ratios  of  the  single-crystal  electrostncuve 
constants  as  a  function  of  composition  can  be  used  to  explain 
fhe  large  electromechanical  anisotropy  that  occurs  m  ceramic 
samples  with  compositions  near  the  end  members  PbTiOj  and 
PbZK)3,  but  does  not  occur  m  ceramic  samples  with  composi¬ 
tions  in  the  center  of  the  phase  diagram  near  the  morphotropic 
phase  boundary. 

A  thermodynamic  theory  for  the  entire  PZT  system  has  re¬ 


cently  been  completed  using  the  values  of  the  electrostncuve  con¬ 
stants  that  have  been  presented  in  this  paper 
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Modeling  of  the  Electrostrictive,  Dielectric,  and 
Piezoelectric  Properties  of  Ceramic  PbTi03 

MICHAEL  J.  HA  UN.  EUGENE  FURMAN,  SEI  JO  0  JANG,  and  LESLIE  E.  CROSS,  pellow.  ieee 


Abstract— The  upper  and  lower  limits  of  the  electrostictive  con¬ 
stants,  dielectric  permittivities,  spontaneous  polarization,  and  piezo¬ 
electric  coefficients  were  calculated  for  ceramic  PbTi03  from  theoret¬ 
ical  single-crystal  constants.  Experimental  ceramic  data  falls  between 
these  upper  and  lower  limits.  The  large  piezoelectric  anisotropy  <Jn/ 
of  ceramic  PbTiOj  was  shown  to  be  related  to  the  single-crystal  PbTi03 
electrostrictive  anisotropies  <2m/<2i:  and  Q^/Q I2*  The  possibility  of  a 
change  in  sign  of  the  ceramic  coefficient  due  to  a  slight  variation  in 
the  single-crystal  electrostrictive  anisotropies  was  discussed.  The  sin¬ 
gle-crystal  and  predicted  ceramic  hydrostatic  electrostrictive  constants 
wvre  found  to  be  equal.  Using  this  result  the  ceramic  hydrostatic 
coefficient  is  always  smaller  than  the  single-crystal  gh%  but  the  ceramic 
hydrostatic  d„  coefficient  can  be  either  larger  or  smaller  than  the  single- 
crystal  dh  depending  on  the  dielectric  anisotropy  ( <M/  i  of  the  single- 
crystal. 

I.  Introduction 

EAD  TITAN  ATE  has  been  extensively  used  as  an  e*  * 
member  of  ceramic  solid  solution  systems  with  im¬ 
portant  piezoelectric  properties  [1].  One  particularly  in¬ 
teresting  property  is  the  large  piezoelectric  anisotropy 
f  Jii  d}[ )  that  has  been  achieved  in  modified  lead  titanate 
ceramics,  but  not  present  in  the  single  crystal.  These  ma¬ 
terials  are  of  interest  in  high-frequency  ultrasonic  trans¬ 
ducers  applications  (2] 

Tunk  et  al  [3]  showed  that  this  large  ceramic  piezo¬ 
electric  anisotropy  could  be  obtained  by  averaging  the 
bingie-crystal  piezoelectric  coefficients.  They  concluded 
that  the  small  single-crystal  dielectric  and  piezoelectric 
anisotropies  of  PbTiOj  lead  to  large  ceramic  piezoelectric 
anisotropy  Wersing  et  al.  [4],  [5]  combined  Lucham- 
nov’s  (6j  averaging  equations  with  Devonshire’s  [7]  sin¬ 
gle  crystal  relations  to  calculate  the  ceramic  piezoelectric 
coefficients  from  the  single-crystal  dielectric  permittivi¬ 
ties,  electrostrictive  constants  and  spontaneous  polariza¬ 
tion.  The  ceramic  <i3t  coefficient  was  found  to  disappear 
tor  a  Darticular  ratio  of  the  electrostrictive  coefficients  and 
a  certain  degree  of  polarization  [5]. 

The  purpose  of  this  study  is  to  further  understand  the 
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behavior  of  PbTi03  by  calculating  the  ceramic  electro- 
stnctive  constants,  dielectric  permittiuvities,  spontaneous 
polarization,  and  piezoelectric  coefficients  from  the  sin¬ 
gle-crystal  constants  that  were  recently  determined  from 
a  Devonshire  type  phenomonologicai  theory  [8].  The  up¬ 
per  and  lower  limits  of  the  properties  will  be  calculated 
using  simple  averaging  relations.  These  calculations  will 
then  be  compared  with  experimental  data. 

II.  Electrostrictive  Constants 

The  upper  and  lower  limits  of  the  ceramic  elastic  con¬ 
stants  can  oe  calculated  from  single-crystal  values  using 
the  Voigt  and  Reuss  methods  of  averaging  [9] .  Voigt  de¬ 
termined  the  stiffness  of  the  ceramic  from  the  space  av¬ 
erage  of  the  stiffnesses  of  the  crystallites,  while  Reuss 
found  the  ceramic  compliance  from  the  space  averages  of 
the  compliances  of  the  crystallites.  Hill  [9]  showed  that 
both  of  these  models  are  only  approximate  and  that  the 
true  values  should  fall  between  these  bounds.  In  most 
cases,  the  experimental  values  do  fill  between  the  Voigt 
and  Reuss  limits.  Electrostnction  is  also  a  fourth  rank  ten¬ 
sor  with  similar  matrix  to  tensor  conversion  as  the  elastic 
constants,  and  thus  the  same  equations  can  be  used  to  pre¬ 
dict  the  upper  and  lower  limns  of  the  electrostrictive  con¬ 
stants. 

The  electrostrictive  i  QUKl )  and  inverse  electrostrictive 
iqUKi)  constants  relate  the  strain  ix,r)  to  the  polarization 
components  ( PkP  )  by  the  following  relations: 

x9  -  QvUP-A  ( l ) 

P,P,  -  <?./«•*«•  (-) 

The  tensor  to  matnx  conversions  of  the  electrosmctive 
and  inverse  electrostrictive  constants  are  the  same  as  that 
of  the  elastic  compliances  and  stiffnesses,  respectively 

Q„kl  =  Qm.  when  m  and  n  =  1.  2.  or  3 

-Quki  =  firm,  when  m  or  n  =  4.  5.  or  6 

AQ,jU  -  Qmn •  when  m  and  n  =  4,  5,  or  6  ( 3 ) 

q,,u  =  qmn,  for  all  m  and  n.  (4) 

Using  a  similar  procedure  as  that  of  Voigt  and  Reuss 
for  the  elastic  constants,  the  electrosmctive  and  inverse 
eiectrosuicuve  constants  of  a  polycrystalline  ceramic  can 
be  callcuiatedfrom  the  space  averages  of  the  single  crystal 
values  by  assuming  that  the  ceramic  is  composed  of  a  large 
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number  of  small  signal  crystals  with  all  possible  orienta¬ 
tions.  By  also  assuming  that  the  single  crystals  have  a 
cubic  structure  the  following  relations  result: 

2ii  =  3-52,1  -  2/5 <2i2  -1-  1'5244 

Qr.  =  1  52h  ~  4  52.2  “  1  10<2« 

2«  =  4  5<2;i  -  4  5 2i2  -  3-52.4  I  5) 

qu  =  3,  5(?,,  2/ 5(7,2  -r  4/5(744 

5i2  =  l/'5<?u  +  4/5<?,2  ~  2/5^ 

?44  =  1/5<?U  -  1/5^12  +  3/5(744.  (6) 

Equations  (5)  and  (6)  are  analogous  to  the  quations  used 
by  Reuss  and  Voigt  for  the  elastic  compliances  and  stiff¬ 
nesses.  respectively  [9],  Since  the  ceramic  is  assumed  to 
be  isotropic: 

2.4  =  2(2n  -  Qr.)  '7> 

*7 a.  =  1/ 2(?u  -  q  12)-  (8) 

To  use  (6)  to  calculate  one  of  the  limits  of  the  ceramic 
electrostrictive  constants,  the  single  crystal  inverse  elec- 
trostncuve  constants  were  first  determined  by  inverting 
the  cubic  electrostrictive  matrix.  These  constants  were 
used  m  (6)  to  determine  the  ceramic  inverse  electrostnc- 
tive  tq„„)  constants,  which  were  then  inverted  back  to 
obtain  the  electrostrictive  constants  using  the  following 
relations: 


Gu 


_ q ii  ~  ?i2 _ 

(?ii  “  qMi  +  -qr.) 


Qr.  - 


~4\1 


{q ii  -  qrjiqu  -  -3u) 


Qu 


2 _ 2 

?44  q\\  ~  q a 


(9) 


Equations  (5)  anc-  (9)  give  ceramic  electrostrictive  con¬ 
stants  corresponding  to  the  senes  and  parallel  models,  re¬ 
spectively,  and  will  be  used  to  calculate  the  upper  and 
lower  bounds  of  the  ceramic  electrostnctive  constants 
trom  the  single-crystal  values.  Devonshire  (71,  [101  cal¬ 
culated  the  ceramic  electrostnctive  constants  of  BaTiO^ 
using  1 5).  However  at  that  time  the  single-crystal  elec¬ 
trostnctive  constants  had  been  overestimated  due  to  the 
low  values  of  the  spontaneous  polanzation  that  were  used 
tn  the  calculations.  Thus  the  agreement  with  expenmental 
ceramic  electrostnctive  constants  was  not  very  good. 
When  a  more  realistic  value  of  the  polanzatior,  (0.26 
C ,  m:  at  room  temperature  t  was  later  measured  [11],  Jona 
and  Shirane  [12]  recalculated  the  single-crystal  electro- 
itnctive  constants  and  used  (5)  to  determine  the  ceramic 
2n  and  2n  values.  These  calculations  were  in  good 
agreement  with  the  expenmental  measurements. 

The  ceramic  electrostnctive  constants  of  BaTiOj  were 
calculated  from  the  single-crystal  values  using  (5)  and  (9) 
as  shown  in  Table  l.  The  values  of  the  expenmental  ce- 


TaBLE  1 

Electrostrictive  Constants  and  Amsotrqp'ss  of  BaT.O-  and  PoT  0> 


'0  •  n*  Cm 

-Q 

-Qu 

Q 

Q:  Qu. 

Q: 

Q  : 

8aTiC>A 


Single-Crystal 

1  i  r 

“4  U2J 

5  $5 J 

2  5 

I  3 

Ceramic 

Senes  f5i 

6  06 

-  i  40 

;5  9 

3 : 

8  4 

Parallel  >9l 

3  64 

-0  690 

3  06 

5  3 

2  6 

Expenmental 

5  "6? 

-l  24* 

14  0^ 

4  6 

11  3 

PbTiOj 

Single-Crystal 

$  9" 

-2  6a 

6  "5f 

3  4 

2  6 

Ceramic 

Senes.  (5) 

5  65 

-0  975 

13  25 

5  8 

13  6 

Parallel  (9) 

4  37 

-0  335 

9  41 

13  0 

:$  i 

Single-Crystal 

i  9J 

:  o 

3  a 

0 

Ceramic 

Senes  *5> 

4  "0 

-0  500 

,0  4 

9  4 

20  8 

Parallel 

:  :s 

)  "08 

3  .5 

-4  4 

JCaiculatea  rrom  me  bpontaneous  soianzation  ■  0  20  C  m '  ■  anc  cezo 
electnc  data  trom  [13] 

'’From  ( 14] 

Calculated  from  O 
JFrom  [8] 

'From  [3] 

From  [15] 

ramie  electrostnctive  constants,  also  listed  in  this  table, 
fall  between  these  upper  and  lower  bounds.  Thus  the  Voigt 
and  Reuss  type  methods  of  averaging  appear  to  work  well 
m  predicting  the  limits  of  the  electrostnctive  constants  in 
addition  tc  the  elastic  constants. 

Two  sets  of  calculated  upper  and  lower  bounds  of  the 
electrostnctive  constants  of  ceramic  PbTi03  are  listed  in 
Table  I.  The  same  values  of  the  single  crystal  Qn  and  Ql2 
constants  were  used  m  both  sets  of  calculations,  but  dif¬ 
ferent  Qju  values  were  used.  In  the  first  set  of  PbTi03 
calculations  a  Q u  of  6.75 ( ICT2  m4C:)  was  used.  This 
value  was  calculated  in  (3)  from  expenmental  values  of 
€ 1 1 ,  dfl5,  and  P,  from  PbTi03  single  crystals.  In  the  second 
set  of  calculations  a  Qu  of  2.0 ( 10":  m4  C2)  was  used. 
This  value  was  calculated  in  (15)  from  spontaneous  po¬ 
lanzation  and  strain  data  for  the  rhombohedral 
Pb(  Zr0  9Ti0  .  )03  composition.  In  all  three  sets  of  data 
shown  in  Table  I  the  magnitudes  of  the  ceramic  Q[{  and 
Ql2  constants  are  less  than  tjie  corresponding  single-crys¬ 
tal  values,  but  the  ceramic  Qu  constants  are  larg_er 
The  ^electrostnctive  anisotropies  -Qu,  Q\i  and 
-Qu/  Q12  increase  in  BaTiO:  and  PbTi03  ceramics  com¬ 
pared  to  the  corresponding_smg_l_e  crystal  anisotropies  as 
shown  m  Table  I^The  Q\z  anisotropy  increases, 

even  though  the  Q[{  constant  decreases,  because _of  the 
greater  decrease  in  the  -Q\2  constant.  The  -  Qu,  Qi:an- 
isotropy  increases  because  of  both  the  decrease  in  -Qr. 
and  increase  in  Qu 

The  electrostnctive  anisotropies  of  ceramic  PbTi03  are 
larger  than  those  in  BaTiOj,  because  of  the  differences  in 
single  crystal  anisotropies.  In  the  second  set  of  PbTi03 
data  the  ceramic  anisotropies calculated  from  the  parallel 
model  changed  sign  because  Q{1  became  positive.  To  bet- 
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ter  understand  the  effect  of  the  single-crystal  anisotropies 
on  the  ceramic  anisotropy  (5)  and  (9)  can  be  rearranged 
as 


and 

^parallel 

_  2  +  3(1  a  -  1)  -  4M(  \_jo_  +  1)(  1/g  -  2)  j~‘ 
Ll  '  4  +  (1/a  -  1)  -  2^1/0  *  1)(1  ia  -  2)  J  ’ 

no 

where 

o  -  “Qi:  Sn.  a  ~  “Qi:  and  p.  =  ~0i:/C?44. 

I  12) 

The  ratio  a  is  the  electrostnctive  analogue  to  Poisson’s 
ratio  1  =  -5i:  5i,  t  The  electrostnctive  ratios  defined  by 
<  12)  are  the  inv^re  of  the  electrostnctive  anisotropies 
listed  in  Table  I. 

[n  Fig.  1  the  ceramic  ratio  a  was  plotted  versus  the  sin¬ 
gle-crystal  a  ratio  for  different  values  of  the  single-crystal 
p  ratio  using  ( 10)  and  (11).  Using  either  the  senes  of  par¬ 
allel  models,  the  ceramic  a  ratio  decreases  (anisotropy  in¬ 
creases)  as  the  single-crystal  0  and  p  ratios  decrease  and 
increase,  respectively  The  value  of  the  p  ratio  has  less 
effect  on  the  ceramic  a  when  using  the  senes  model  com¬ 
pared  to  the  parallel  model.  The  ceramic  a  can  be  either 
positive  or  negative  depending  on  the  values  of  the  single¬ 
crystal  ratios.  A  negative  value  of  thejceramic  a  would  be 
due  to  a  positive  QIZ*  assuming  that  Qu  is  also  positive. 
If  the  ceramic  5  changes  sign  because  the  -Q constant 
decreased  tojero _and  changed  sign,  then  the  ceramic  an¬ 
isotropy  (  ~Q n  QiZ)  would  increase  and  go  to  infinity 

The  square-shaped  data  points  in  Fig.  1  represent  Ba- 
TiCq,  and  the  circular  and  tnangular  shaped  data  points 
represent  the  first  and  second  sets  of  PbTi03  data  in  Table 
I.  respectively  As  shown  in  Fig.  1  the  single-crystal  ra¬ 
dios  of  BaTiO(  cause  the  ceramic  j  ratio  to  be  larger  than 
that  of  PbTi03  resulting  m  less  anisotropy.  When  using 
the  smaller  value  of  the  Qu  constant,  the  upper  and  lower 
limits  of  the  PbTiOi  ceramic  j  ratio  range  from  positive 
to  negative  values,  illustrating  the  possibility  of  having 
^ery  large  anisotropy  and  a  positive  ceramic  QiZ  constant. 

The  larger  *alue  of  the  Q,A  constant  shown  m  Table  I 
should  better  represent  the  actual  Qx 4  of  PbTi03,  since 
this  value  was  determined  from  measurements  on  Pb- 
TiOt  This  value  will  be  used  in  calculating  the  piezo¬ 
electric  coefficients  later  in  the  paper.  When  using  this 
value,  large  ceramic  anisotropy  still  resulted  as  shown  in 
Table  I  The  electrostnctive  constants  of  perovskite  fer- 
roelectncs  have  been  expenmentally  shown  to  be  only 
slightly  temperature  dependent,  [11],  [16]  and  thus  were 
assumed  to  be  independent  of  temperature  throughout  this 
paper  However,  since  the  magnitude  of  the  Q\2  constant 
of  ceramic  PhTiO^  is  small,  a  flight  temperature  depen- 
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Fig  l  Ceramic  j  ratio  plotted  versus  single-crystal  j  ratio  lor  dirk 
values  of  >ingle*crysta!  ix  ratio  calculated  from  a)  Senes  model 
10)  and  bi  Parallel  model  using  1 1 1 1  Square  shaped  data  points  e 
“>pond  to  BaTi0lt  circular  shaped  to  first  set  of  PbTiO^  data  in  Table  l 
and  tnangular  shaped  to  second  set  of  PbTiO,  data. 

dence  of  the  single-crystal  electrostnctive  constants  could 
cause  the  ceramic  Q[Z  to  go  to  zero  and  change  signs  as  a 
function  of  temperature.  This  will  be  further  discussed 
later  m  the  paper  when  the  electrostnctive  anisotropy  is 
related  to  the  piezoelectnc  anisotropy. 

An  interesting  result  of  this  averaging  procedure  ts_mat 
the  ceramic  hydrostatic  electrostnctive  constant  1  Qh  - 
Qw  +  2 (2i2 1  equal  to  the  single-crystal  Qh  when  using 
either  [S',  or  (9),  even  though  the  magnitudes  of  the  ce¬ 
ramic  (?,,  and  <2i2  coefficients  are  considerably  lowerjhan 
the  single-crystal  values.  The  expenmental  ceramic  Qh  ot 
BaTiO?  is  3.3(  10~:  m4/C2)  from  the  data  in  Table  L 
which  is  in  fairly  good  agreement  with  the  single-crystal 
and  predicted  ceramic  values  of  2.3.  However,  even  bet¬ 
ter  agreement  is  found  with  ceramic  Qh 's  of  2.1  and 
2.8(  10’ 2  m4,  C: ),  which  can  be  calculated  from  data  in 
[18]  using  the  relation  Qh  =  -  (  dd /  dP)/  (2e0C),  where 
C  is  the  Cune-W'eiss  constant  and  dd ,  dP  is  the  slope  of 
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the  pressure  dependence  of  the  Curie  temperature  (6).  A 
similar  result  also  occurs  when  using  these  senes  and  par¬ 
allel  models  for  the  elastic  constants.  The  ceramic  volume 
compressibility  is  equal  to  that  of  the  single  crystal 

III.  Dielectric  Permittivity 

Parallel  and  senes  models  were  also  used  to  calculate 
the  upper  and  lower  limns  of  the  ceramic  dielectnc  per¬ 
mittivity  from  the  single-crystal  values: 

parallel  e  =  (2/3)e, i  +  (l/3)€33  (13) 

senes  1/e  =  (2/3  )/e3 ,  +  (l/3)/e33  (14) 

where  e  is  the  ceramic  permittivity,  and  en  and  e33  are  the 
single-crystal  permittivities  perpendicular  and  parallel  to 
the  polar  axis,  respectively  (assumed  to  be  equal  to  the 
dielectnc  susceptibilities). 

The  upper  and  lower  limits  of  the  ceramic  permittivity 
were  plotted  versus  temperature  in  Fig.  2  using  (13)  and 
(14)  and  the  phenomenological  calculations  of  the  single 
crystal  permittivities  from  [8].  Only  a  slight  difference  in 
the  upper  an  lower  limits  was  found,  because  of  the  small 
dielectnc  anisotropy  of  single-crystal  PbTi03  The  exper¬ 
imental  data  icicular  data  points)  plotted  in  this  figure  were 
calculated  from  the  piezoelectnc  d33  and  g33  data  given  in 
(19)  (and  plotted  later  in  this  paper)  for  a  ceramic  PbTi03 
sample  doped  with  l.Q-mole  percent  MnO:.  This  expen- 
mentai  data  is  in  good  agreement  with  the  predicted  upper 
and  lower  bounds.  Another  expenmental  data  point  is 
plotted  in  this  figure.  This  value  was  listed  in  a  table  in 
'  '9j  for  the  same  composition  measured  at  room  temper¬ 
ature.  The  predicted  upper  and  lower  hunts  of  the  ceramic 
dielectnc  permittivity  at  25°C  are  105  and  96  5.  These 
values  were  calculated  from  the  singie-crystai  and  e31 
values  of  124.4  and  66.6  from  (8). 

IV  Spontaneous  Polarization 

There  are  six  possible  directions  for  the  polar  axis  in  a 
tetragonal  structure  such  as  that  of  PbTi03.  If  an  applied 
electnc  field  causes  all  of  the  domains  in  a  ceramic  to 
align  along  the  closest  of  these  directions  to  the  field,  then 
the  polanzation  of  the  ceramic  (  P)  will  be:  P  =  0.831  P, 
where  P  is  the  single-crystal  polanzation  [20].  This  gives 
the  upper  limit  of  the  ceramic  poianzation  by  assuming 
that  1  6  of  the  domains  did  not  require  switching,  1  6 
'.witched  through  180°.  and  2/3  through  90°  [21].  How¬ 
ever,  Carl  [22]  found  that,  in  dense  PbTi03  ceramics 
doped  with  small  amounts  of  lanthanum  and  manganese, 
the  180°  domain  alignment  was  virtually  perfect,  but  only 
about  ten  percent  of  the  domains  switched  by  90°  By 
assuming  that  no  90°  domain  switching  occurs  and  that 
only  16  of  the  domains  realign  through  180°,  P  -- 
(  1  3 ) ( 0  831  )P  =  0.277 P  This  will  be  assumed  to  be 
the  lower  limit  of  the  ceramic  polanzation.  If  90°  domain 
alignment  does  not  occur,  then  the  2/3  of  the  domains 
that  would  ideally  switch  through  90°  will  instead  possi¬ 
bly  switch  through  180°  If  all  of  these  domains  switch 
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Fig  2  Dielectnc  >u$cemibihtv  plotted  versus  temperature  tor  uranic 
PbTiO>  Data  points  are  expenmental  measurements  trom  Mdl 


TEMPERATURE  i*C) 

Fig  3  Spontaneous  polanzation  of  PbTiCK  plotted  versus  temperature 
Dashed  curve  is  single-crystal  polanzation  calculated  trom  phenome 
notogicai  theory  in  [8]  Solid  curves  represent  approximations  ot  upper 
1  =05  P  'i  and  lower  t  =*  0  27~  P  )  limits  ot  ceramic  polanzation  Data 
point  is  from  [22] 

through  180°  then  P  =  0.5  P  This  result  will  be  assumed 
to  be  the  upper  limit  of  ceramic  polanzation. 

The  upper  and  lower  limits  of  the  spontaneous  polar¬ 
ization  of  ceramic  PbTi03  are  plotted  in  Fig.  3  along  with 
the  single-crystal  polarization.  Carl  [22]  found  that  the 
polanzation  of  ceramic  PbTi03  was  approximately  0.3 
C/tn*  at  room  temperature.  This  value  fails  between  the 
calculated  limits  at25°C  of  0.21  and  0.38  C.  nr  as  shown 
in  Fig.  3. 

V  Piezoelectric  Coefficients 
The  piezoelectnc  voltage  ( g,;)  and  charge  i  J,;)  coeffi¬ 
cients  of  a  single-crystal  of  PbTi03  are  related  to  the  elec- 
trostnctive  constants,  dielectnc  permittivities,  and  spon¬ 
taneous  polanzation  as  follows: 

?vi  ~  -Q\\Pb  Si i  =  -Qu^3>  ~  QuP ;  1 15) 

^33  =  -t^iiQ\\P  J.  vAl  = 

^15  -  f0*ll  QuP 3-  (  !b) 

These  equations  are  based  on  the  approximation  that  the 
dielectnc  susceptibilities  17,,  and  77 33  are  equal  to  the  di¬ 
electnc  permittivities  en  and  e33. 
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Equations  f  15)  and  ( 16)  are  single-crystal  relations  and 
should  probably  not  be  used  for  ceramics.  However,  these 
equations  can  be  used  to  determine  the  upper  and  lower 
limits  of  the  ceramic  piezoelectric  coefficients  from  the 
limits  of  the  ceramic  electrostnctive  constants,  dielectric 
permittivities,  and  spontaneous  polarization.  For  exam¬ 
ple: 

1 33  =  2Qf,Pf,  =  117) 

where  U  and  L  refer  to  the  upper  and  lower  limits  as  de¬ 
fined  in  the  previous  sections.  Similar  equations  were  used 
to  calculate  the  ceramic  limits  for  the  other  piezoelectric 
constants.  Since  there  was  very  little  difference  between 
the  upper  and  lower  limits  of  the  ceramic  PbTi03  dielec¬ 
tric  permittivity  (see  Fig.  2),  the  average  of  the  senes  and 
parallel  models  were  used  in  the  calculations  of  the  pi- 
ezoelectnc  d,,  constants.  However,  for  3  matenal  such  as 
BaTiCb  wuh  a  large  dielectnc  anisotropy,  the  limits  of  the 
dieiectnc  permittivity  should  also  be  accounted  for. 

Using  this  procedure  the  upper  and  lower  limits  of  the 
piezoelectnc  coefficients  were  calculated  and  plotted  ver¬ 
sus  temperature  in  Fig,  4  The  single-crystal  coefficients 
are  also  plotted  in  this  figure  for  companson  along  with 
expenmental  ceramic  data.  The  values  of  the  piezoelec- 
tnc  coefficients  at  25°C  are  listed  in  Table  II.  The  circular 
*ata  points  shown  in  Figs.  4(a)  and  <d)  were  measured  in 
[19]  on  ceramic  PbTiOx  doped  with  1  O-mole-perctnt 
MnO:  This  data  falls  between  the  predicted  upper  and 
lower  limits  wuh  similar  temperature  dependences  as  the 
calculated  curves.  The  diamond  shaped  data  points  shown 
m  Figs.  4iaj.  ib),  (d),  and  (e)  are  also  from  [19]  for  the 
same  composition.  The  corresponding  expenmental  di¬ 
eiectnc  data  was  previously  shown  in  Fig  2  The  exper¬ 
imental  and  d\ i  coefficients  also  fall  between  the  upper 
and  lower  limits.  The  square  shaped  data  points  shown  in 
Figs  4(  c )  and  1  f )  are  from  [24]  for  ceramic  PbTiCb  doped 
with  1  0-  and  2  5-mole-percent  MnO:  and  La03  :,  re¬ 
spectively  The  expenmental  g]5  coefficient  of  this  com¬ 
position  fails  between  the  limits,  but  the  J,5  coefficient 
was  greater  than  the  upper  limit  because  of  a  larger  di¬ 
electnc  permittivity  i  P0)  than  that  predicted.  The  differ¬ 
ence  between  the  ceramic  and  single-crystal  values  of  the 
?is  and  c/,5  coefficients  is  smaller  than  that  of  the  other 
coefficients,  because  the  ceramic  Q ^  constant  is  larger 
than  the  single-crystal  value. 

From  1 15)  and  (16)  the  piezoelectnc  anisotropy  of  a 
Mngle-crystal  is  found  to  be  equal  to  the  electrostnctive 
anisotropy  as 

tfn/  £31  =  J^\  =  Qn,  Q\i  =  -1  a  l  13) 

This  single-crystal  relation  can  be  used  to  approximate  the 
upper  and  lower  limits  of  the  ceramic  piezoelectnc  an¬ 
isotropy  from  the  ceramic  electrostnctive  anisotropy  by 
assuming  that 

<$33-  1)1  =  5  ft,  $31.  <1)3/  $31  f  =  $33/  $31  1  19) 

Equations  (10)  and  (11)  and  Fig.  1  can  then  be  used  to 
predict  the  upper  and  lower  bounds  of  the  ceramic  piezo- 


electnc  anisotropy  from  the  single-crystal  electrostnctive 
anisotropies.  From  Table  II,  expenmentallv  -f31/f33  = 
Oil  for  ceramic  PbTi03._This  value  falls  between  the 
predicted  ceramic  -Q,:/  Qu  bounds  of  0.077  and  0  17 
plotted  in  Fig.  1  1  listed  in  Table  I  as  -QU/  Qn )  How¬ 
ever.  the  expenmental  -g31/  g33  of  BaTi03  has  a  value 
of  0  41  \  wffich  does  not  fall  between  the  predicted  ce¬ 
ramic  -Qi2/  Qu  bounds  of  0. 19  and  0  31  (see  Table  1) 
Equation  (19)  was  based  on  the  assumption  that  the 
boundary  conditions  are  the  same  for  the  |33  and  g3i  coef¬ 
ficients.  However,  the  boundary  conditions  might  not  be 
the  same,  and  thus  the  following  relations  should  proba¬ 
bly  be  used  to  calculate  the  bounds  of  the  piezoelec.,  iC 
anisotropies: 

(?33/£3l)  =  ?33/  ?31  =  0,3/2, ,)  =  533/  dk\ 

»  Q' ■  Q\z  (20) 

lf33/?3l)  =  ?33  ?  51  "  l  ^33 /  d^\  )  =  du,  53, 

~  Q  M /  Ql 2-  ( -l ) 

Since  for  a  particular  domain  configuration  in  a  ceramic 
the  polarization  P3  and  dielectric  permittivity  e33  are  the 
same  in  the  533  and  </3l  relations,  they  were  assumed  to 
cancel  out  _of  r20)  and_  (2D.  The  electrostnctive 
anisotropies  Q[<  Q\z  and  Qn/Qn  result  in  wider  limits 
than  those  plotted  in  Fig.  I,  and  can  be  calculated  from 
relations  similar  to  (10)  and  (ID.  Using  (20)  and  (21)  the 
expenmental  value  of  133  of  BaTiOx  (0  41)  tails 
between  the  predicted  -QU/  Q\2  limits  of  0  11  and  0  52 
(calculated  using  the  values  from  Table  I) 

From  (20)  and  (21)  the  upper  and  lower  limits  ot  the 
ceramic  piezoelectnc  anisotropy  only  depend  on  the  eiec- 
trostncuve  anisotropy  and  are  independent  of  the  dielec¬ 
tnc  properties.  However,  from  piezoelectnc  averaging 
equations  Tunk  et  aL  [3]  concluded  that  the  low  dielectnc 
anisotropy  of  single-crystal  PbTi03  contnbuted  to  the 
large  ceramic  piezoelectnc  anisotropy.  Using  WersingS 
[4],  [5]  approach  of  combining  Luchanmov's  [6]  aver¬ 
aging  equations  with  single-crystal  relations  ( 16),  and  then 
solving  for  the  anisotropy,  results  in  the  following  rela¬ 
tion. 


2Qn  ^  Q* 4  _ 

u\y  _  I  1  <3  —  1  )  Q\i  6n  Q\i 

4\[  Q\ i  _  c\\  (2-u  1  <3 

Q\z  -^33(2i:  1  ~  <5 


where  5  =  (  cos  '  *)  )  <  cos  $  > ,  and  d  is  the  angle  between 
the  direction  of  the  spontaneous  polanzation  of  a  crystal¬ 
lite  and  the  direction  of  the  poling  field.  Equation  (22) 
indicates  that  if  the  single-crystal  dielectnc  anisotropy 
i  eu  ti3 )  decreases,  the  ceramic  piezoelectnc  anisotropy 
will  increase.  If  5  =  3  5  and  s33  =  1,  then  the  right 
side  of  (23)  reduces  to  the  electrostnctive  senes  model 
( 10)  that  gave  the  upper  limit  of  the  a  ratio  and  the  lower 
limit  of  the  ceramic  electrostnctive  anisotropy  This  in¬ 
dicates  that  Luchanmov’s  (67  averaging  equations  may 
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Fig  4  Piezoelectric  voltage  »  t  jnd  charge  i  dr,  j  coefficients  plotted  versus  temperature  tor  PbTiCN  Dashed  „urves  are  the¬ 
oretical  single  ^rotal  voerfictenis  calculated  trom  phenomenological  theory  in  (8)  Solid  curves  -1  and  8  are  upper  and  io*er 
bounds  ot  ceramic  coefficients  calculated  using  i  P)  tor  and  similar  equations  tor  remaining  coefficients  Data  points  are 
experimental  measurements  from  (19)  and  [24) 


TABLE  II 

The  Piezoelectric  Coefficients  of  Ceramic  PbTiOi  at  25’C 


Coefficient 

Lower 

Limit 

Experimental 

Upper 

Limit 

iw  ‘O'  '  Vm  Vi 

18  3 

yy  38  ^ 

42  0 

,10  Vm  V  i 

-  1  40 

-3  5' 

-7  36 

t  10  Vm  V  ) 

.9  " 

y* 

50  0 

:o -  i  e  v  i 

O  3 

xq-'  14  *  > 

*8  0 

J,  ,  10  !  C  \  | 

-l  25 

-4  2** 

-6  57 

J  to*  *  C  V  > 

r  p 

53* 

44  t 

Diamond  shaped  data  points  :n  Fig  4  doped  with  l  0  mole  percent 
Mn,  from  [19)) 

'Circular  shaped  data  points  in  Fig  4  .doped  with  l  0  mole  percent  Mn. 
from  (19)) 

Square  shaped  data  points  in  Fig  4  tdoped  with  1  0  and  2  5  mole  per- 
vent  Mn  and  La.  from  [24)) 


represent  the  lower  limit  of  the  ceramic  piezoelectric  an 
isotropy  that  would  result  from  the  upper  limits  of  the 
piezoelectric  coefficients.  Averaging  etquauons  for  mt 
lower  limits  of  the  mezoelectnc  coefficients  may  show  .at 
the  ceramic  piezoelectric  anisotropy  will  increase  when 
the  single-crystal  dielectric  anisotropy  increases,  which  is 
the  opposite  conclusion  as  that  of  the  other  limit  Thus 
between  these  limits  there  may  be  little  effect  on  the  ce¬ 
ramic  piezoelectric  anisotropy  from  the  single-crystal  di¬ 
electric  anisotropy. 

Irrespective  of  the  dielectric  anisotropy  and  degree  or 
polarization,  the  large  ceramic  piezoelectric  anisotropy  or 
PbTiOx  can  ce  explained  by  the  large  electrostnctive  an¬ 
isotropy  that  was  shown  in  Secron  II  to  be  due  to  the 
small  magnitude  of  the  ceramic  QIZ  constant.  Since  the 
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value  of  ceramic  Qi:  is  close  to  zero,  the  sign  of  Q[2  could 
easily  change  from  a  slight  variation  in  the  single-crystal 
anisotropies  This  could  also  cause  the  coefficient  to 
change  Jigns.  and  result  in  an  infinite  piezoelectric  an¬ 
isotropy  when  S3I  goes  to  zero. 

The  single-crystal  electrostnctive  anisotropies  of  Pb- 
TiOj  can  be  varied  by  changing  the  composition  and/or 
temperature  When  some  of  the  titanium  in  PbTi03  is  sub¬ 
stituted  with  zirconium  to  form  PZT.  the  single-crystal 
-Q |2,  Qw  ratio  increases,  while  the  -Qyu'Qu  ratio  de¬ 
creases.  This  causes  the  ceramic  -Q\i/Q\\  and  -dM/d^ 
ratios  to  increase  (see  Fig.  1),  which  results  in  less  an¬ 
isotropy  Zom  et  al.  [17]  experimentally  found  that 
-Qr./Qu  *  05  and  ~Qiz/Qu  ~  0-3  for  the 
Pb0  <3Sr0  i;Ba<)  05  ( Zr0  6Ti0  3gNb0  0: )  03  composition  which 
is  close  to  the  morphotropic  boundary.  These  values 
would  result  in  a  ceramic  piezoelectric  anisotropy 
1  -if--  dx i )  of  2  using  either  the  senes  of  parallel  models, 
which  is  in  good  agreement  with  the  measured  piezoelec  - 
tnc  anisotropies  (!]. 

Doping  PbTi03  with  other  elements,  such  as  samanum 
or  calcium,  was  shown  to  increase  the  anisotropy  [2], 
[26]  Large  piezoelectric  anisotropies  have  also  been 
found  for  the  Pb  ( Zr0  9J(  Mn,  3Nb2. 3  )0  os )  03  composition 
[2‘7]  This  suggests  that  the  single-crystal  electrostnctive 
ratios  in  the  PZT  system  change  in  such  a  way  as  to  cause 
the  anisotropy  to  increase  when  moving  from  the  morpho¬ 
tropic  boundary  towards  PbZr03,  as  occurs  when  going 
the  other  way  to  PbTi03 

From  !  15)  and  ( 16)  the  hydrostatic  piezoelectnc  voltage 
1  =  ?33  ~  -in  )  and  strain  (JH  -  J,3  ~  2Ji, )  coeffi¬ 

cients  of  a  single-crystal  can  be  calculated  from 

?n  =  2PxQ>.  d„  =  Ze0exxPxQh.  (23) 

These  single-crystal  relations  can  also  be  used  to  predict 
'he  upper  and  lower  bounds  of  the  ceramic  hydrostatic 
piezoelectnc  coefficients.  By  dividing  the  resulting  equa- 
fions  r'or  the  ceramic  bounds  by  the  single-crystal  equa- 
rions .  and  again  realizing  that  for  a  particular  domain  con¬ 
figuration  in  a  ceramic  the  polanzation  P3  and  dielectnc 
permittivity  f3i  are  the  same  in  the  J,3  and  J3l  equations, 
the  following  relations  are  obtained: 

g.fcS  I 4.65?  r4) 

P*  Qh  '  ?*  /».  Qh 

S  =  hhQi'  H  =  hihQi  ,25) 

^*3  P 3  Qh  *'3  P}  Qh 

Due  to  possibility  of  having  different  boundary  conditions 
'or  rhe  Q u  and  Q wonstants.  the  limits  of  the  hydrostatic 
electrostnctive  constant  should  be  calculated  from 

Qh  =  Qu  -  2Q%  Qh  =  Qu  *  2 Qr.  (26) 

However,  if  the  boundary  conditions  of  (2ti_and  Qi2  are 
rhe  same,  then  the  upper  and  lower  limits  of  Qh  would  be 
equal  to  the  single-crystal  Q„  tas  desenbed  in  Section  II). 
These  values  of  the  single-crystal  and  ceramic  Qh ’s  of 


BaTi03  are  in  fairly  good  agreement.  Thus  it  the  single- 
crystal  and  ceramic  Qh\  are  assumed  to  be  equal,  then 
from  (24)  the  ratio  of  the  ceramic  gh  divided  by  the  single¬ 
crystal  gh  only  depends  on  the  ratio  of  the  ceramic  polar¬ 
ization  divided  by  the  single-crystal  polanzation.  Since 
the  polanzation  of  a  ceramic  is  always  lower  than  that  of 
the  single-crystal,  the  value  of  the  ceramic  gn  should  be 
lower  than  the  gh  of  the  single-crystal.  Experimentally . 
this  is  found  m  both  PbTi03  and  BaTi03. 

The  ratio  of  dh  coefficients  would  depend  on  the  ratio 
of  the  ceramic  e33  divided  oy  the  single-crystal  e33,  in  ad¬ 
dition  to  the  degree  of  poling.  For  a  matenal  such  as 
PbTi03  wuh_a  small  dielectnc  anisotropy,  the  value  of 
the  ceramic  dh  should  be  lower  than  the  dh  of  the  single- 
crystal.  Expenmentally,  PbT103  has  a  dhi  dh  ratio  ot  0  46 
However,  < 25)  predicts  that  a  matenal  with  a  large  di¬ 
electnc  anisotropy  Un/?33)  such  as  BaTi03  could  have  a 
larger  ceramic  dh  than  the  corresponding  single-crystal  d* 
Expenmentally,  BaTi03  has  a  ceramic  3*  value  of  ap¬ 
proximately  twice  the  single-crystal  value  [25]  These  re¬ 
sults  may  be  important  in  the  design  of  matenais  for  hy¬ 
drostatic  transducer  applications,  such  as  when  a 
ptezoelectnc  powder  is  dispersed  in  a  polymer  [28].  The 
properties  of  this  type  of  composite  will  depend  on  the 
composition  of  the  powder  used  and  whether  the  powder 
is  composed  of  single-domain  or  multidomain  particles. 

VI  Conclusion 

The  upper  and  lower  limits  of  the  electrostnctive  con¬ 
stants,  dielectnc  permittivity,  spontaneous  polanzation. 
and  piezoelectnc  coefficients  were  calculated  for  ceramic 
PbTi03  from  theoretical  single-crystal  constants.  The  ce¬ 
ramic  was  assumed  to  be  composed  of  a  large  number  of 
small  single-crystals  with  all  possible  onentations.  The 
^eramic  properties  were  calculated  from  the  space  aver 
ages  of  the  single  crystal  constants,  assuming  that  only 
180°  domain  switching  occurs.  The  expenmentai  ceramic 
data  was  shown  to  be  within  the  predicted  upper  and  lower 
limits.  Additional  compansons  have  been  made  between 
the  theoretical  predictions  and  low-temperature  dielectnc 
and  piezoelectnc  measurements  on  samanum-doped  lead 
titanate  ceramics  [29]. 

The  senes  and  parallel  equations  used  to  calculate  the 
upper  and  lower  limits  were  used  to  denve  relations  that 
showed  how  the  ceramic  electrostnctive  anisotropy 
i  <2i i  Q\:  >  depends  on  the  single-crystal  electrostnctive 
anisotropies  {  Qu,  Q\2  and  Q Q [2).  These  relations  can 
be  used  for  any  fourth-rank  tensor  with  similar  tensor  to 
matnx  conversion,  such  as  the  elastic  constants.  The  ce¬ 
ramic  piezoelectnc  anisotropy  i  J33 ,  )  was  also  shown 

to  be  related  to  the  ceramic  electrostnctive  anisotropy 
PbTiCh  was  shown  to  have  a  large  piezoelectnc  anisot¬ 
ropy,  because  of  the  large  electrostnctive  anisotropy  that 
was  due  to  the  small  magnitude  onhe  ceramic  Qu  con¬ 
stant.  Since  the  value  the  ceramic  Q{2  is  close  to  zero,  the 
sign  of  Qi2  could  easily  change  from  a  shgnt  vanation  in 
the  single-crystal  anisotropies  due  a  temperature  de- 


400 


SEE  TRANSACTION'S  }N  ,LTRASOMCS  =ERR0ELEC7RICS  AND  =REQLENO  CONTROL  -OL  '6  NO  4 


pendence  or  modification  of  the  composition.  This  would 
also  cause  the  3,,  coefficient  to  change  signs._and  result 
in  an  infinite  piezoelectric  anisotropy  when  d31  goes  to 
zero. 

Damjanovic  et  al.  [30]  found  tha£  in  calcium  or  samar¬ 
ium  modified  PbTi03  ceramics  the  <f3]  coefficient  changes 
sign  from  negative  values  at  low  temperatures  to  positive 
values  at  high  temperatures.  They  showed  that  this  change 
in  sign  was  due  to  a  positive  extrinsic  contnbution  to  <i31 
that  may  dominate  the  negative  intrinsic  contribution. 
They  also  found  that  in  samarium  dopea_PbTi03  samples 
poled  with  low  electric  fields  a  posirive  d3l  coefficient  re¬ 
sulted  over  all  of  _the  temperature  range  tested  (down  to 
-180°C).  If  the  d31  coefficient  remains  positive  at  low 
temperatures  where  the  extnnsic  contributions  have  “fro¬ 
zen  out."  then  the  intrinsic  d31  may  have  increased  to  zero 
and  oecome  positive  at  low  temperatures.  They  also  found 
that  as  the  poling  field  was  increased,  the  d31  versus  tem¬ 
perature  curves  shifted  to  lower  values  (more  negative). 
The  amount  of  90°  domain  switching  increases  as  the  pol¬ 
ing  field  is  increased  causing  the  intrinsic  ceramic  anisot¬ 
ropy  to  decrease  toward  that  of  the  single-crystal.  This 
would  Cause  the  intrinsic  S3|  to  shift  to  lower  values  ap¬ 
proaching  the  single-crystal  value  as  the  poling  field  is 
increased  and  would  possibly  explain  the  poiing  depen¬ 
dence  that  Damjanovic  et  al.  [30]  found. 

The  single-crystal  and  ceramic  hydrostatic  electrostnc- 
tive  constants  were  found  to  be  equal  when  using  either 
the  senes  or  parallel  models.  Using  this  result  the  ratio  of 
the  ceramic  to  single-crystal  hydrostatic  gh  coefficients 
( ,  gh)  was  found  to  only  depend  on  the  degree  of  po- 
lanzation  i  P  P ).  The  dhJdh  ratio  was  found  to  depend 
on  the  ceramic  single-crystal  dielectnc  ratio  j33/  e33,  in 
addition  to  the  degree  of  poling.  The  ceramic  dh  could  be 
less  than  the  smgie-crvstal  dh  as  is  always  true  for  the  gh 
coefficients,  or  could  be  larger  depending  on  the  dielectnc 
anisotropy  (eu/e33)  of  the  single-crystal. 

The  averaging  procedure  descnbed  in  this  paper  pro¬ 
vides  a  simple  method  of  predicting  the  upper  and  lower 
bounds  of  the  intnnsic  ceramic  properties  from  the  single¬ 
crystal  constants.  This  procedure  could  also  be  used  to 
determine  single-crystal  constants  from  the  ceramic  prop- 
emes.  Pan  and  Cross  [31]  have  recently  used  the  elec- 
trostnctive  averaging  equations  to  determine  the  single- 
crystal  Qu.  constant  of  Pb(  Mg!  3Nb2, 3)03  from  the  mea¬ 
sured  single-crystal  and  ceramic  Qlt  and  Q l2  constants 
These  equations  may  also  be  useful  in  determining  the 
compositional  dependence  of  the  single-crystal  electro- 
stnctive  constants  in  the  PZT  system. 
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Tungsten  bronze  ferroelectrics  which  have  a  morphotropic 
phase  boundary  iMPB)  can  have  a  number  of  enhanced  di¬ 
electric,  piezoelectric,  and  electrooptic  properties  compared 
to  more  conventional  ferroelectric  materials.  The  structural 
and  ferroelectric  properties  of  several  MPB  bronze  systems 
are  presented,  including  data  from  sintered  and  hot-pressed 
ceramics,  epitaxial  thin  films,  and  bulk  single  crystals.  In¬ 
cluded  among  these  are  three  systems  which  had  not  been 
previously  identified  as  morphotropic.  The  potential  advan¬ 
tages  and  limitations  of  these  MPB  systems  are  discussed, 
along  with  considerations  of  the  appropriate  growth  methods 
for  their  possible  utilization  in  optical,  piezoelectric,  or  pyro¬ 
electric  device  applications.  [Key  words:  ferroelectrics,  tung¬ 
sten  bronze,  phases,  electronic  properties,  phase  boundary.] 


I.  Introduction 

THE  search  for  increased  elcctrooptic,  pyroelectric,  and 
piezoelectric  effects  in  the  tungsten  bronze  ferroelectric  crys- 
a i  *amiK  nas  stimulated  interest  in  a  number  of  potential  mor- 
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Hg.  I.  Phase  diagram  for  the  Pb, . , 8a, Nb?0*  (PBN)  morphotropic 
'ntCrtl  Points  indicate  several  bulk  crystal  compositions  (Refs  3  and  4) 


pnotroptc  pnase  boundary'  (MPB)  svstems  On  a  Dinary  pnase 
diagram,  an  MPB  appears  as  a  nearly  vertical  line  separating  two 
distinct  ferroelectric  phases.  This  phase  boundary  generally  occurs 
at  a  nearly  constant  composition  over  a  wide  temperature  range  up 
to  the  ferroelectric  phase  transition  temperature.  T(%  an  example 
is  shown  in  Fig.  1  for  the  bronze  MPB  system,  Pb,-f  BarNb:06 
(PBN),  which  possesses  both  orrhorhomoic  and  tetragonal  struc¬ 
tures  near  x  =  0.37  Poled  ceramics  or  single  crystals  of  such 
MPB  ferroelectrics  can  show  an  enhancement  of  numerous  physi¬ 
cal  properties  because  of  the  proximity  in  free  energy  of  an  alter¬ 
nate  ferroelectric  structure,  detailed  descriptions  of  MPB  behavior 
can  be  found  in  the  work  by  Jaffe  tt  a/.5 

Crystal  compositions  in  other  ferroelectric  families  can  also 
possess  MPB  regions,  with  perhaps  the  best  known  of  these 
being  perovskite  PZT  and  PLZT6  However,  compositions  in  the 
tungsten  bronze  family  have  a  number  of  potential  advantages 
over  the  perovskites,  particularly  for  optical  device  applications. 
These  include  a  larger  ensemble  of  nonzero  quadratic  electrooptic 
?  coefficients  (gu,  g12,  g13.  ^3,  gMt  g*  compared  to  gH,  g(2,  ^ 
.n  perovskites)  arising  from  a  lower  prototype  symmetry  (tetrago¬ 
nal  •X/mmm)  in  the  high-temperature  paraclectnc  phase,  a  unique 
d-fold  symmetry  axis  ^no  tetragonal  twinning),  and  an  open  struc¬ 
ture  which  can  accommodate  a  wide  range  of  ions  in  several 
crystallographic  sues. 

Figure  2  shows  the  tetragonal  tungsten  bronze  prototype  structure 
projected  onto  the  (001)  plane.  1  Ferroelectric  compositions  of 
the  tungsten  bronze  type  can  be  represented  by  the  chemical  for¬ 
mulas  (A,)4(A2)2C4B,o05o  and  (A,)4(A2)2B,0Ojo  in  which  A,,  A3, 
C,  and  B  are  the  15-,  12- ,  9-.  and  6-fold  coordinated  oxygen  oc- 
tahedra  sues  in  the  crystal  structure,  wuh  the  A  sues  occupied  by 
Ba,  Sr,  Ca,  Pb.  K,  or  Na,  and  the  B  sues  occupied  by  either  Nb 
or  Ta.  The  first  formula  represents  the  so-called  “stuffed"  bronze 
structure,  in  that  all  of  the  A.  B.  and  C  sues  arc  occupied  (eg., 
KjLbNbjO.j)  The  second  formula  represents  bronzes  which  are 
either  “filled”  (all  A  sues  occupied)  or  ‘partially  filled”  (5/*  of  the 
A  sues  occupied),  the  latter  being  characteristic  of  ferroelectric 
bronze  niobates  such  as  Sr,-t  Baf  Nb:0?  (SBN)  :s  The  tungsten 
bronze  structure  is  found  over  a  wide  range  of  the  partially  filled 
ruobates.  although  the  end  compositions  for  A  =  Sr.  Ba,  or  Ca  are 
not  of  the  tungsten  bronze  type  The  introduction  of  K  and  Na  on 
the  A  sues  results  in  a  filled  bronze  structure  (e  g  .  lead  potassium 
niobate  (PKN))  and  thereby  enhances  the  structural  stability 

Tungsten  bronze  solid  solutions  can  be  obtained  with  either 
tetragonal  (4mm)  symmetry'  in  the  ferroelectric  phase  or  ortho¬ 
rhombic  (mm2)  symmetry,  which  can  be  both  ‘erroelecmc  and 
ferroelasuc.  Tetragonal  bronzes  such  as  Sr06BaO4Nb;O6  (SBN  60) 
have  spontaneous  polarization  only  along  the  c  axis  (001)  and 
generally  have  large  transverse  properties  at  room  temperature, 
mcluding  the  c-axis  dielectric  constant,  €33.  the  linear  electrocptic 
coefficient.  r,3.  the  piezoelectric  coefficient,  dX},  and  the  electro¬ 
mechanical  coupling,  k„  *“u  Such  is  not  always  the  case,  how¬ 
ever.  as  has  been  shown  bv  tetragonal  Ba;.,Sr, K,., Na,Nb«Ot< 
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Fig  2.  Tetragonal  prototype  structure 
r  t*c  tungsten  bronze  I  an  ice  projected 

■no  he  *X)l>  olanc 


*  Chemical  fqfimulae 

|A,l4‘A2)2C48iOO:}0 

,A1  |4tA2»28io^30 

A,  =  15-FOLD  COORDINATED  SITE 
A2  -  12  FOLD  COOROINATEO  SITE 
C  -  9-FOLD  COORDINATED  SITS 
8  ^  6-FOLD  COORDINATED  SITE  (TWO  SITES. 

*  CRYSTAL  STRUCTURE 

4/mmm  TO  4mm  (TETRAGONAL- TETR AGONAL) 

TO  mm2  (TETR AGON AL-ORTHORHOM8IC) 

*  KNOWN  SYSTEMS 
150  COMPOUNDS  OR 

SOLID  SOLUTIONS  8ETWEEN  END  MEMBERS 
SEVERAL  MORPHOTROP1C  PHASE  BOUNOARY 
SYSTEMS 


-BSKNN), :  13  which  can  show  large  longitudinal  properties  such 
as  r5l,  dtj,  etc. 

Bronze  compositions  having  an  orthorhombic  symmetry  in  the 
terroetectnc  pnase  can  have  spontaneous  polarization  along  the  c 
axis,  with  generally  very  weak  orthorhombic  distortion  of  a  and 
b  le  g.,  SrjNaNbsOu),  or  else  have  spontaneous  polarization 
along  either  of  the  orthorhombic  a  or  b  axes  which  are  rotated 
a53  relative  to  the  high-temperature  prototypic  axes  (e  g  . 
PbNb:0*)  1  The  better-known  orthorhombic  bronzes  such  as 
Pb.-,BatNb2063  4  generally  show  stronger  longitudinal  proper¬ 
ties  although  again  some  exceptions  may  be  found. 

The  availability  of  bronze  structures  with  either  orthorhombic 
or  tetragonal  point  group  symmetry  in  the  ferroelectric  ph'^e, 
coupied  with  the  possibility  for  several  space  group  synw  /ics, 
naturally  suggests  the  potential  for  binary,  ternary,  or  quaternary 
iohd  solutions  containing  MPB  regions.  However,  although  numcr- 
jui  bronze  solid  solutions  have  been  investigated  during  the  past 
several  decades,  only  a  few  MPB  systems  have  been  discovered. 
In  ’his  paper,  we  will  discuss  the  properties  for  several  MPS 
bronze  terroeiectncs  that  we  have  examined,  and  additionally 
,ook  at  other  tungsten  bronze  systems  which  may  possess  MPB 
regions  which  hitherto  have  not  been  identified. 

II.  Lead-Containing  Morphotropic  Bronzes 
(/)  The  PBN  System 

The  icad  barium  ruobate  (PBN)  solid  solution  is  arguably  the 
most  studied  and  developed  MPB  system  in  the  tungsten  bronze 
famuy  In  addition  to  sintered  ceramics.  PBN  has  also  been  de- 
- eioped  m  the  form  of  hot-pressed,  gnun-onented  ceramics’4"16 
and  as  bulk  single  crystals  using  the  Czochralski  growth  method.14 
The  after  have  been  especially  useful  for  determining  the  direc* 
tionailv  dependent  ferroelectric  properties  m  this  system,  reveal- 
mg  the  unusual  behavior  which  can  occur  for  compositions  near 
tne  morphotropic  boundary 

The  PBN  >olid  solution  is  based  on  the  binary  system  ( l  -  t) 
PbNb  0^<BaNb;0v  as  *hown  tn  Fig  1  The  MPB  between  or* 
nornombic  unm2)  and  tetragonal  (4mm)  symmetries  occurs  at 
r  =  0  37  wnh  a  minimum  Curie  point  of  approximately  2?0°C 
tor  buik  single  crystals,  discussion  of  the  crystal  growth  proce¬ 
dure  may  be  round  m  the  work  by  Shrout  er  a/,j4  The  crossover 
between  the  Curie  temperatures  and  6 j  as  one  moves  the  com¬ 
position  through  the  MPB  region  leads  to  very  large  dielectric 
and  piezoelectric  constants  at  room  temperature,  in  spite  of  the 
high  terroelectnc  transition  temperature.1  !1  For  example,  near- 
morphotroptc  tetragonal  Pb06Ba<) 4Nb>0*  (^PBN.60)  has  single- 
crystal  dielectric  constants  of  e„  =  1900  along  the  a  axis  and 
35  500  along  the  c  axis.  *  Spontaneous  polarization  in  poled 


crystals  is  also  large,  in  the  range  of  "0  fxC/ cm*  at  room  tem¬ 
perature  based  on  recent  measurements 
The  large  spontaneous  polanzauon  and  large  dielectric  constants 
available  m  morphotropic  PBN  are  especially  significant  'or  op¬ 
tical  applications.  From  the  phenomenology  for  oxide  ferroelec 
tncs, g  the  linear  electrooptic  effect  may  be  considered  a  quadratic 
effect  biased  by  the  nonzero  spontaneous  polanzauon  in  the  ferro- 
eiectnc  phase.  In  the  case  of  tetragonal  tungsten  bronzes,  the  linear 
elcctrooptic  coefficients,  r,/f  are  given  by  relations  of  the  form18 

r»J  =  3^13^0 

j€3)€o 

r 5t  *  rn  =  P>«h«o  (D 

wnere  P}  is  the  c-axis  polarization  and  the  arc  the  quadratic 
eiectroopuc  coetficicnts,  the  latter  being  taken  as  largely  inde¬ 
pendent  ot  temperature  with  values  roughly  the  ^ame  as  ihose  in 
the  high-temperature  paraeieerne  phase  9  Similar  relations  also 
apply  for  the  piezoeiectnc  d,,  coefficients,  with  the  quadratic  g 
coetficiems  being  replaced  by  Qu  electrostnction  constants 
The  relation  for  r5l  in  Eq.  (1)  is  of  particular  interest  in  that  for 
tetragonal  compositions  near  the  MPB.  but  far  from  the  ferroelec 
tnc  transition  temperature,  both  P}  and  can  be  large  and  nearly 
independent  of  temperature.  In  the  case  of  single-crystal  PBN  60, 
r3l  is  now  estimated  at  greater  than  2000  x  10_,i  m/V  at  room 
temperature,  many  times  greater  than  the  values  for  the  best  non- 
merphotropic  tetragonal  bronzes  such  as  SBN  .60  '*  Similarly,  the 
piezoeiectnc  d,s  coefficient  is  also  enhanced  by  the  proximity  of 
the  MPB  m  PSN  60,  with  a  value  of  roughly  260  x  lCTt:  C/N 
For  onhorhombic  imm2)  compositions  near  an  MPB  with  the 
polar  axis  along  a  i or  b).  the  equivalent  relations  are  given  by 

ru  =  :*„P€n«o 

rM  3 

r .1  =  6uL) 

r.H  =  «?u  P  £’3*0  - 

In  this  case.  P>  and  c,  can  be  large  >o  that  large  and  nearU 
temperature -independent  values  ot  r  t  and  r4J  may  be  anticipated 
A  limiting  factor  in  the  development  of  PBN  single  crystals 
the  high  volatility  of  PbO  at  the  temperatures  required  tor  crystal 
growth  (J3d0°  to  1400*0  Although  it  has  been  possible  to  grow 
PBN  bulk  single  crystals  of  up  to  several  millimeters  cross  section 
using  the  Czochralski  method,  the  rapid  loss  of  PbO  from  the 
melt  leads  to  a  considerable  loss  of  stoichiometry  and  homoge¬ 
neity  with  resulting  crystal  fracture  problems.  Hence,  the  present 
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F<2  3.  Dielectric  constant  at  10  iHz  versus  temperature  ‘or  not-pressed 
-sarnie  P3LN'60/b)  for  directions  parallel  and  perpendicular  to  the 
h'i  direction  after  ooimg  at  15  kV 'cm  The  dasned  line  ndscatcs  a 
"temraiiv  cepoled  condition 


crystals  are  considered  to  oe  of  limited  utility  for  many  device 
applications,  particularly  optical. 

An  alternative  to  the  bulk  crystal  growtn  of  P BN  is  hot-pressed 
ceramic  densiflcation,  with  the  advantages  of  lower  growth  tem¬ 
peratures,  shorter  exposures  to  elevated  temperatures,  and  better 
control  of  the  surrounding  environment  Pioneering  work  on  hot- 
pressed  PBN  ceramics  was  performed  by  Yokosuka'*1  and  Nagata 
it  7 /  5 16  on  lanthanum-modified  PBN  compositions  to  permit  the 
development  of  transparent  ceramics  in  much  the  same  fashion  as 
'an  than  urn -modified  perovskite  PZT  (PLZT)  These  La3*  modifica- 
ions  fake  the  form  (Pb,.f BaT),_Jv,:La, Nb:0*  (PBLNO  -  t/v)). 
■vtth  rhe  advantages  of  good  optical  transparency  resulting  from 


Fig  4  Relative  X-ray  diffraction  line  >trcngths  for  hot-pressed 
38LN(60/6i  with  face  normals  parallel  and  perpendicular  io  the  pressing 
Jireciion  Note  (he  absence  ol  hk I  and  hk2  reflections  m  the  upper  figure, 
nrfleffmnl  ?ntn  orientation 


improved  grain  boundaries  and  the  potential  tor  very  large  dielec¬ 
tric  constants  as  a  consequence  of  the  suostamiai  decrease  n  the 
phase  transition  temperature 

An  example  of  the  dielectric  properties  for  not-pressed  PBLN 
ceramics  developed  in  our  own  work  s  shown  n  Fig  3  ‘or  ‘he 
PBLN(60/6)  composition  Ceramic  preparation  involved  cal¬ 
cining  tne  proportioned  oxide  powders  at  “80*  fo  3003C  for  iO  '0 
12  h  bail -milling  in  acetone  for  12  to  20  n  and  'hen  cold¬ 
pressing  the  dried  mixture  into  pellets  onor  to  uniaxial  hot- 
pressing  sn  an  oxygen  atmosphere  Since  PBLN  is  densified  by 
liquid-phase  sintering  due  to  the  presence  of  PbO.  an  excess  of 
PbO  powder  is  required  in  the  starting  mixture  to  effect  optimum 
densiftcauon  and  to  minimize  Pb'“  deficiency  in  the  ceramic 
Whereas  our  initial  work  on  unmodified  PBN  60  and  PBN  70 
ceramics  showed  an  optimum  PbO  excess  of  6  mo!%  ‘or  t> pical 
growth  temperatures  of  1240°  to  1280°C,  tms  reduced  to  rougnlv 
2  mol%  m  La-modified  material  This  result  s  consistent  with 
our  earlier  observations  of  reduced  PbO  losses  during  entering 
for  tungsten  bronze  Pb|.i,KfLaTND:0*  ceramics  comoared  to 
other  Pb-comainmg  matenals.'0 

The  dielectric  data  for  P BLN (60; 6)  snown  n  F’g  3  were  ob¬ 
tained  on  ceramic  material  hot-pressed  at  1260°C  for  3  h  at  a 
pressure  of  3000  psi  The  Curie  point.  7r.  declines  to  1203C  as  a 
result  of  La  modification,  accompanied  by  a  considerable  broad¬ 
ening  of  the  phase  transition  region  compared  to  unmodified 
PBN  60.  As  a  result,  the  room-temperature  dielectric  constant 
tor  a  measuring  field  perpendicular  to  the  pressing  axis  is  4400 
after  poling,  the  latter  being  accomplished  by  cooling  from  72 
with  a  dc  field  of  15  kV/cm  applied  to  the  samole 

The  dielectric  anisotropy  between  the  directions  perpendicular 
and  parallel  to  the  pressing  axis  arises  from  the  preferential  orien¬ 
tation  of  tne  needle-shaped  c-axis  grains  in  tne  piane  normal  to 
the  pressure  axis.1516  The  degree  of  grain  orientation,  wrnen  ap¬ 
pears  to  be  only  slight  in  Fig,  3  because  of  the  proximity  of  the 
MPB,  is  in  fact  nearly  complete  based  on  microscopic  and  X-ray 
evaluations.  Figure  4  snows  the  relative  strengths  of  the  X-ray 
diffraction  lines  taken  from  ceramic  PBLN(60/6)  samples  with  face 
normals  parallel  and  perpendicular  to  the  pressing  axis,  with  the 
former  showing  the  virtual  absence  of  hk\  and  hkl  reflections  The 
calculated  lattice  constants  are  a,b  =  1  2543  nm,  c  =  0  3924  nm 
compared  to  a%  b  —  I  2576  nm.  c  =  0  3978  nm  for  unmodified 
PBN. 60.  The  transparency  of  these  hot-pressed  ceramics  is  gen¬ 
erally  very  good,  although  polished  samples  show  a  mild  yellow 
coloration  due  to  a  gradual  transmission  roll-off  for  wavelengths 
below  600  nm.  However,  in  the  near-IR  region.  Nagata  and 
Okazaki15 ,6  have  reported  bulk  optical  transmission  approaching 
97%  in  hot-pressed  PBLN 


Fig.  5.  X-ray  pattern  fot  a  sputtered  PBN  60  him  on  a  UOOl-ortemed 
SBN  60  substrate.  Growth  was  performed  m  a  50  50  \r/0>  atmosphere 
at  600*C.  postgrowth  annealing  was  not  necessarv  Pattern  shows  domi¬ 
nant  substrate  lines  due  to  (he  reijtivclv  thin  film  iriKKness  i2000  rtmj 
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Fig.  6.  Ferroelectric  phase  transition  temperature  (Cune  point).  Tr.  and 
Cune  temperature,  $.  as  a  function  of  composition  for  ceramic  (1  -  t) 
Pb:KNb50,,-xBa:NaNb50is 


The  difficulties  encountered  in  the  Czochralski  growth  of  single- 
crystal  P3N  have  also  led  to  the  exploration  of  epitaxial  thin 
films.  Liquid-phase  epitaxial  growth  of  PBN  has  been  frustrated 
thus  far  by  the  lack  of  a  suitable  flux  (solvent)  permuting  single- 
phase  growths  below  1 100°C  to  minimize  PbO  volatilization.  How¬ 
ever.  the  rapid  emergence  of  ferroelectric  oxide  films  grown  by  rf 
magnetron  spuitenng:i“  has  led  to  encouraging  initial  results  tor 
PBN  Figure  5  shows  the  X-ray  pattern  for  a  sputtered  PBN  60 
thm  film  grown  on  a  (lOO)-onented  SBN:60  substrate  at  bOO°C.:j 
The  him  crystallinity  and  orientation  are  excellent,  m  pan  be¬ 
cause  of  the  good  lattice  match  to  the  underlying  SBN  60  sub¬ 
strate  ( a.b  =  1.2467  nm,  c  -  0.3937  nm).  Compositional  control 
is  also  very  good,  based  on  the  close  agreement  between  the  film 
lattice  constants  and  those  of  the  ceramic  PBN  target.  We  have 
also  performed  sputtered  growths  on  glass  and  quartz  substrates, 
although  in  these  cases  the  films  have  been  polycrystalline  with 
no  preferred  orientation 

ft  appears  that  sputtered  thin  film  growth  may  be  a  highly  viable 
method  for  growing  stoichiometric,  homogeneous  PBN  and  PBLN 
films  of  up  to  several  micrometers  thickness  for  optical,  surface 
acoustic  va\e  'SAW),  and  pyroelectric  applications,  particularly 
a  hen  grown  on  closely  lattice  matched  substrates  PBN  thin 
Tims  grown  on  SBN  60  substrates  could  ultimately  prove  valu¬ 
able  in  several  optical  device  concepts  since  (1)  PBN  60  has  a 
abstantialU  larger  linear  elcctroopuc  coefficient  than  SBN  bO. 
and  -2'  rhcre  is  a  large  difference  in  their  refractive  indices  <2  44 
ror  P8N  60  2  29  for  SBN  60)  making  such  structures  attrac- 

*  ve  'or  optical  waveguides  This  growth  method  -vould  appear  to 
N;  appropriate  for  other  volatile  Pb-cuntainmg  or  non-Pb  bronze 
rerroelectrics  as  well 

i2)  The  PKN -BNN  System 

The  diversity  of  ferroelectric  solid  solutions  available  within 
the  tungsten  bronze  structural  family  presents  the  possibility  for 
other  morphotropic  systems  based  on  the  binary  combination  of 
end  members  such  as  PbNb:06  (PN).  Pb2KNb<0,<  (PKN). 
Sr,NaNb,0„  (SNN).  Ba2NaNb,Ot<  (BNN).  etc  Solid  solutions 
based  on  Pb:KNb50,<  arc  pamcularlv  attractive  because  of  the 
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Fig.  7.  Dielectric  constant  of  ceramic  (!  -  r)PKN-c3NN  at  Tt  and  at 
room  temperature,  f  =  10  kHz.  Note  (he  dramatic  change  in  me  properties 
near  the  MP3  at  r  =  0  25 


potentially  large  dielectric  and  p.czoeicctnc  constants  and  large 
spontaneous  polarization  available  in  this  material/4  ^  The  ortho¬ 
rhombic  structure  of  PKN  ( a  =  1.7835  nm.  b  -  1  7944  nm.  and 
c  -  0  3938  nm)  makes  it  particularly  suitable  for  combination  with 
tetragonal  or  pseudotctragonal  bronzes  such  as  BajNaN^O,/61’ 
to  attempt  an  MPB  condition. 

We  have  investigated  the  binary  join  (1  -  x)PKN-xBNN  using 
ceramic  compositions  sintered  at  1200®  to  1380°C/5  Figure  6 
ihows  the  behavior  of  the  ferroelectric  phase  transition  'empera- 
ture.  7*t .  and  the  Curie  temperature,  d.  as  a  function  of  composi¬ 
tion.  with  6  determined  from  the  Curie-Weiss  dielectric  oenavior 
in  the  paraclectnc  phase  given  by 

€  »  C,<r  -  6)  (3) 

Both  r<  and  6  attain  a  sharp  minimum  ot  2S0°C  at  a  25  moi^e 
BNN  composition,  similar  to  the  behavior  found  in  PBN  i Fig.  1; 
The  PKN  side  of  the  phase  diagram  shows  a  virtually  iccond- 
order  phase  transition  ( Tr  =  0).  changing  to  first-order  i7,  >  (?) 
for  r  >  0  25  As  a  result,  the  value  of  the  dielectric  constant  at 
7, .  shown  in  Fig  7,  rapidly  declines  for  compositions  beyond 
i  =  0  25  On  the  other  hand,  the  dielectric  constant  at  room 
temperature  peaks  sharply  at  the  MPB  due  to  the  decline  of  Tr, 
followed  b\  the  change  to  a  first-order  transition  with  a  decreasing 
Cune  constant.  Cr,  as  shown  m  Fig.  8  It  snould  be  cautioned  that 
these  dielectric  data  necessarily  average  over  all  crystallographic 
directions  because  of  the  random  orientation  of  the  ceramic 
grams.  However,  as  a  consequence,  thc>  also  indicate  the  profound 
meet  of  the  MPB  on  both  the  polar  and  nonpolar  properties 

The  morpnotroDic  boundary  between  tne  orthomombic  and 
pseudoteiragonai  phases  in  PKN-BNN  is  indicated  ov  the  abrupt 
-hange  m  tne  b  and  «.  lattice  ^or.stant>  determined  by  powder 
X-ray  diffraction  analysis,  as  shown  m  F»g  9  Pamcularlv  inter¬ 
esting  is  the  fact  that  although  both  end  members  arc  orthorhom¬ 
bic.  an  abrupt  phase  boundary  occurs  because  of  the  differing 
orientations  ot  the  polar  vector  (orthogonal  to  c  for  PKN,  parallel 
to  c  for  BNN) 

(3)  The  PKN-SNN  System 

We  have  also  investigated  sintered  ceramics  in  the  bina^  system 
il  -  x)PKN-xSNN.u  Figure  10  shows  the  behavior  of  T(  and  d 
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Fig.  3.  Cune-Weiss  constant  for  the  system  tl  -  x)PKN-iBNN 
^e  anomalous  behavior  near  me  MPB  at  x  3  0  25  tia$  also  been 
;und  in  other  ceramic  Mr'B  systems  *  Ref  2S) 
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Fig.  9.  Lattice  panmeters  for  the  PKN-BNN  svstem.  Note  the  apparent 
discontinuity  in  the  b  and  c  parameters  at  the  0'75PKN-0  25BNN  mor- 
pno'ropic  composition. 


m  this  system,  with  a  broad  minimum  in  T,  1 155°Q  occumng  for 
0  70  <  x  <  0  75  However,  the  lattice  parameters  i  Fig  11)  do 
not  show  any  abrupt  change  near  r  =  0.75,  but  instead  a  broad 
region  where  the  a  and  b  constants  become  nearly  indistinguishable 
It  may  be  that  the  MPB  region,  if  any,  is  quite  broad  in  this  case, 
makmg  lattice  parameter  evaluation  more  difficult.  In  ail  other 
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Fig.  II.  Lattice  parameters  tor  the  PKN-SNN  svstem 
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respects*  however*  this  system  displays  the  behavior  expected  for 
an  MPB  system,  including  abrupt  changes  in  the  dielectric  prop¬ 
erties  nearx  =  0.75,  as  shown  in  Fig.  12.  The  growth  of  bulk 
single  crystals  would  be  particularly  helpful  in  clarifying  the 
presence  or  absence  of  an  MPB  region  in  PKN-SNN.  although 
this  is  a  difficult  system  for  crystal  growth  because  of  the  growth 
difficulties  inherent  in  both  end  members.2427 


temperature  constant  in  (he  range  0  0  <  x  <  0.7.  Beyond  this 
range  up  to  pure  SNN,  the  room 'temperature  dielectric  constant 
then  rises  to  nearly  2000  as  a  result  of  a  broad*  low-level  peak 
centered  at  roughly  -50°C  in  ceramic  SNN.  This  same  peak  has 
also  been  observed  in  SNN  c-axis  crystals/6  although  its  origin 
has  not  been  identified. 


III.  Lead-Free  Morphotropic  Bronzes 
(/)  The  BNN-SNN  System 

The  bronze  system  (1  -  r)BNN-xSNN  is  attractive  from  the 
standpoint  of  bulk  single-crystal  growth  because  it  does  not  con¬ 
tain  lead,  and  it  was  initially  studied  by  Beil  Laboratories  as  a  pan 
of  the  original  work  on  BNN  27  Although  both  end  members  arc 
weakly  orthorhombic,  they  possess  different  space  group  sym¬ 
metries  (Ccm2,  for  BNN.  Bbml  for  SNN)29**5  and  therefore  the 
potential  for  MPB  behavior  m  a  binary  system.  To  this  end*  we 
investigated  the  structural  and  dielectric  properties  of  BNN-SNN 
using  sintered  ceramics*  with  particular  care  given  • i  obtaining 
optimum  sintering  conditions  for  each  composition;  these  ranged 
from  I38Q°C  for  pure  BNN  to  1280°C  for  SNN  with  sintering 
times  of  2  to  4  h. 

Figure  13  shows  the  variation  of  Tc  and  Q  with  composition 
as  determined  from  dielectric  measurements  on  these  ceramics. 
An  interesting  feature  is  that  the  phase  transition  remains  first- 
order  (7*.  >  0)  over  the  entire  composutonal  range.  A  sharp  mini¬ 
mum  occurs  for  T,  at  r  =  0  60  (7*,  =  170°C),  whereas  0  vanes 
only  slightly  in  this  same  region.  The  Curie  constant  also  increases 
abruptly  at  this  point,  as  shown  in  Fig.  14,  this  change,  coupled 
with  the  decrease  between  Tr  and  6  for  c  >  0.60,  leads  to  a  dra¬ 
matic  increase  iu  'he  dielectric  constant  at  the  phase  transition 
temperature,  as  shown  in  Fig  15. 

The  dielectric  constant  at  room  temperature  for  ceramic  BNN- 
SNN  compositions,  also  shown  in  Fig.  15,  rises  monotomcally 
from  a  value  of  100  for  BNN  u  =  0)  largely  as  a  consequence  of 
the  decreasing  phase  transition  temperature.  However,  near 
r  =  0.6*  there  is  an  abrupt  jump  in  the  room-temperature  con¬ 
stant  due,  in  part,  to  die  discontinuity  in  the  Curie  constant.  Less 
obvious.  ’hough,  is  the  cause  for  the  rapid  decline  of  the  room- 


Flg.  14.  Cune  constant,  C  .  as  a  function  of  composition  for  ceramu. 
(I  -  x)BNN-rSNN. 
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Fig.  15.  Dieiectnc  consul  at  Te  and  at  room  temperature  for  ceramic 
BNN-SNN  F  =  10  kHz 


The  lattice  parameters  for  the  BNN-SNN  system  are  shown  m 
Fg  !6  Two  independent  pseudotetragonaJ  phases  appear  on  cither 
side  of  the  x  =  0.6  region,  a  feature  reflected  by  the  abrupt  dis¬ 
continuity  of  the  Curie  constant  (Fig.  14).  Hence,  from  these  data 
it  appears  that  the  BNN-SNN  system  may  have  an  MPB  near  the 
comoosition  Ba^jSr,  :NaNbjO,3,  something  which  had  not  been 
previously  suggested. 

<2)  The  BSKNN  System 

Mother  .mportant  non-Pb-coruaming  bronze  ferroelectric  is 
Ba.^S^K^Na^NbjQu  (BSKNN),  which  exists  in  the  quaternary 
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Fig  17  Quaternary  phase  diagram  for  the  system  BaNb-O-y-SrNbjO*- 
KNbO  -NaNbO,  Tungsten  bronze  BSKNN  ceramics  and  "single  crystals 
*ene  on  the  tom  BSKNN- l-BSNN-4 


Fig.  16.  Lattice  parameters  for  the  BNN-SNN  system 


system  BaNb206-SrNb20*-KNb0j-NaNb0,  shown  in  Fig.  17. 
Our  work  on  BSKNN  was  spurred  by  the  initial  research  of  Yuhuan 
and  Cross31  and  has  focused  on  the  join  between  BSKNN- 1 
(Ba,  jSroiKoTjNao^NbjOjj)  and  SSNN-4,  the  latter  occurring  on 
the  Sr-nch  end  of  the  orthorhombic  BNN-SNN  binary  system. 

BSKNN- 1  is  a  Tilled”  tetragonal  (4mm)  tungsten  bronze  which 
exists  on  the  pseudobinary  join  SBN:40-KNN :  75  (Fig.  17)  with 
lattice  constants  a,b  -  1.2506  run,  c  =  0  3982  nm.  and  a  phase 
transition  temperature  of  203°  to  208°C.  This  composition  was 
the  first  in  the  BSKNN  system  to  be  successfully  grown  as  good- 
quality,  moderate-size  c-axis  crystals  of  up  to  !*cm  cross  section; 
details  on  crystal  growth  may  be  found  in  previous  papers. 


Fig.  18.  Temperature  dependencies  of  the  dielectric  consums  tor 
BSKNN  crystal  compositions  Solid  line  c  ms.  poled  at  3  kV/cm.  clashed 
line:  b  axis  (Ref.  18) 
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\\c  ruse  investigated  other  BSKNN  compositions  on  tnc  jOin  dc 
tween  BSKNN-l  and  8SNN-4  using  sintered  ceramic  mate¬ 
rial.  and  these  revealed  a  drop  in  the  transition  temperature  for 
BSKNN-2  (Ba0  ^Sr^Ko  }Na0  }Nb50,0  and  then  a  moderate  in¬ 
crease  for  BSKNN-3  and  beyond.  However,  these  ceramics  showed 
only  a  monotonic  increase  of  the  room-temperature  dieiectnc 
constant  with  composition  and  little  m  the  way  of  conclusive  evi¬ 
dence  for  an  MPB  region  based  on  lattice  parameter  determina¬ 
tions,  although  the  a  and  c  parameters  show  a  substantial  decline 
at  BSKNN-2  (a,b  =  1  2437  nm.  c  =  0.3935  nm) 

The  Czochralski  c-axis  crystal  growths  of  BSKNN-2  and 
BSKNN-3  ha^  proved  suostantialK  easier  than  the  growth  of 
BSKNN-l.  m  part,  we  believe,  oecausc  the  former  he  closer  to  a 
true  congruent  melting  region  BSKNN-2  and  BSKNN-3  also  have 
a  more  circular  cross  section  compared  to  the  nearly  square  growth 
nabit  of  BSKNN-  !  0  Figure  18  shows  the  dieiectnc  properties  as 
a  function  oi  nperature  for  the  nonpolar  a-axis  (eM)  and  polar 
c-axis  (€jj)  <  ictions  in  these  crystal  compositions  Like  other 
tungsten  bronze  crystals  such  as  SBN.  633  follows  a  Curie-Weiss 
law  (Eq  O))  both  above  and  below  Tc  with  essentially  a  second- 
order  phase  transition  character.  There  is  little  frequency  depend¬ 
ence  of  the  dieiectnc  constant  (100  Hz  to  100  kHz)  except  within 
a  fev  degrees  of  T(  where  a  charactenstic  rise  in  the  loss  tangent 
is  also  observed.  This  is  due  to  fluctuations  of  the  site  preference 
distribution  for  Sr  and  Ba  in  the  lattice,  resulting  in  a  narrow  distn- 
bution  of  phase  transition  temperatures  in  the  crystal  bulk  and  a  cor¬ 
responding  frequency  dependence  for  the  dieiectnc  properties  13 
The  c-axis  Cune  constant  in  the  ferroelectric  phase  increases 
for  composiuons  beyond  BSKNN-l.  resulting  in  room- temperature 
€33  values  for  BSKNN-2  (170)  and  BSKNN-3  (270)  which  are 
considerably  greater  than  for  BSKNN-l  (120)  in  spite  of  the  only 
moderate  differences  m  Tc.  Furthermore,  BSKNN-2  and  BSKNN-3 
show  nearly  identical  a-axis  dieiectnc  behavior  (Fig.  18)  which 
differs  considerably  from  that  of  BSKNN-l.  These  results  sug¬ 
gest  the  possibility  of  an  MPB  region  in  the  vicinity  of  BSKNN-2, 
with  a  pseudotetragonal  orthorhombic  phase  for  compositions  at 
2nd  beyond  BSKNN-2.  Furthermore,  recent  optical  measure¬ 
ments  on  BSKNN-213  show  values  for  the  linear  clectrooptic  coef¬ 
ficient  r,j  (160  x  10~12  to  180  x  I0~12  m/V)  which  arc  a  factor 
of  2  greater  than  anticipated  from  the  phenomenology  given  in 
Eq  (1)  This  may  be  due  to  a  ferroelastic  contribution  to  r}y 
which  is  not  accounted  for  in  the  phenomenology  for  a  simple 
proper  bronze  ferroelectric  29  33  Measurements  of  the  change  in 
with  applied  dc  field  for  BSKNN-2  in  the  ferroelectric  phase 
aiso  indicate  anomalous  behavior34  '5  and  suggest  the  onset  of  an 
improper  ferroelastic  transition  about  90°C  below  Tc. 

Figure  19  shows  the  room- temperature  dieiectnc  constants  and 
the  ferroelectric  phase  transition  temperature,  Tr%  for  BSKNN 
smgfc  crystals  as  a  function  of  the  tetragonal  or  pseudotetragonal 
a-axis  lattice  constant  Also  shown  in  Fig.  19  arc  data  for  two 
other  ferroelectric  bronzes.  K)Li2NbjO,3  (KLN)26  3637  and 
Kj.fLi2Naf Nb50,j  U  =  0  3.  KLNN),3*  which  also  have  filled 
\  and  A >  lattice  sites  These  data  illustrate  why  larger-unit-cell 
bronzes  such  as  KLN  have  not  been  generally  favorable  for  opti¬ 
ca!  applications,  since  'heir  comparatively  low  dielectric  con¬ 
stants  necessanly  reflect  low  clectrooptic  constants.  In  contrast, 
Ce-doped  BSKNN-2  and  BSKNN-3  have  Droved  especially  use¬ 
ful  for  photorefractive  applications as  a  result  of  their 
large  dieiectnc  and  elcctrooptic  oropemes,  these  being  similar,  m 
many  ways,  to  those  found  in  perovskite  BaTiOj,  However. 
BSKNN  compositions  are  substantially  easier  to  grow  as  large, 
ecticai -quality  crystals  of  l  5  cm  diameter  Furthermore,  uniikc 
BaTiO,.  BSKNN  crystals  retain  their  ferroelectric  properties 
when  cooled  below  room  temperature  and  therefore  do  not  re¬ 
quire  careful  environmental  control  Hence,  these  crystals  may 
prove  particularly  advantageous  tn  a  number  of  present  and  future 
optical  device  concepts 


IV.  Other  Potentially  Morphotropic  Systems 
Table  I  lists  three  additional  tungsten  bronze  solid  solutions 
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Fig.  19.  Ferroelectric  phase  transition  temperature  and  dieiectnc  ;  n- 
stants  tM  and  €**  as  a  function  of  the  a-axis  lattice  constant  for  ‘filled 
tungsten  bronze  BSKNN.  KLN.  and  KINN  single  crystals 


which  have  been  reported  tn  the  literature.30  39  These  binary  $w* 
terns  were  initially  studied  to  determine  the  stability  of  the  bronze 
structure  and  to  establish  the  basic  roles  of  each  cation  in  the  par 
tiaiiy  filled  and  filled  lattice  formulations.  Each  of  these  system? 
possesses  a  local  minimum  for  the  phase  transition  temperature 
behavior  suggestive  of  an  MPB 
Two  examples  of  the  variation  of  Tt  with  composition  arc  shown 
in  Fig.  20  for  the  systems  SKN-PKN  and  BNN-PNN  from  the 
work  by  Ravez,  Pcrron-Simon,  and  Hagenmuller.30  In  both  in 
stances,  the  observed  Tc  minima  were  found  to  occur  at  boundaries 
between  tetragonal  tor  pseudotetragonal)  and  orthorhombic  phase* 
Typical  of  MPB  materials  having  orthogonal  orientations  of  the 
polar  vector  in  the  A  phases,  these  MPB  regions  are  aiso  accom 
panied  by  abrupt  changes  in  the  c-axis  lattice  constant  as  well 
Although  the  binary  systems  in  Table  1  all  show  MPB*t\bc 
behavior,  they  were  not  identified  as  morphotropic  systems  in  their 
original  investigation.  It  appears  likely  that  all  of  these  system' 
have  true  MPB  regions,  and  thus  the  potential  for  vers  large  di 
electric,  piezoelectric,  and  electrooptic  properties  Certainly  :: 
would  be  worthwhile  to  continue  their  investigation  in  more  detail, 
particularly  in  the  form  of  grain-onemcd  ceramics,  epitaxial  :hr 
films,  or  bulk  single  crystals  to  establish  the  directional  depended 
cics  of  the  ferroelectric  properties 


Table  I.  Potentially  Morphotropic  Bronze  Systems 


System 

r,  mim.ium  •  Cl 

* 

(1 

-  Jc)Sr,KNb,Olj-xPbiKNb,0„' 

110 

0  r 

(1 

—  x)Ba2NaNb5Oi5-.rPb2NaNb«Oij* 

280 

0  o5 

(1 

x)Pb2  3Ta3013-j:Pb2NaNbj0 ,5 

40 

0  85 

•Ravti  tt  ai  *  'tkedi  tt  al  * 
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Fig.  20.  Phase  transition  temperature  versus  ceramic  composition  for 
aj  (1  -  nSKN-vPKN  and  (b»  <1  -  nPNN-rBNN  From  the  work:  by 
Ravez  a  al  (Ref  30) 


V.  Summary 

Table  il  summarizes  the  properties  of  the  major  MPB  bronze 
systems  that  we  have  examined  in  our  work.  Included  m  the  table 
is  the  system  PN-SNN.  details  of  which  may  be  found  in  an  ear¬ 
lier  paper/*  'Hie  last  system  m  the  table.  PN-KLN,  is  one  we 
have  just  begun  to  investigate  based  on  the  orthorhombic  and  te¬ 
tragonal  structures  of  its  end  members.  This  system  has  relatively 
high  phase  transition  temperatures  for  both  end  members  (in  excess 
of  *i00°C).  presenting  the  possibility  for  a  moderately  high  Te 
value  at  the  MPB.  This  can  be  of  particular  value  in  optical  ap¬ 
plications  because  of  the  possibility  for  large,  nearly  temperature- 
independent  dielectric  and  electrooptic  constants  at  normal  device 
operating  temperatures. 

We  are  also  investigating  a  variant  of  the  BNN-SNN  bronze 
system  involving  the  partial  substitution  of  Ca  for  both  Ba  and 
Sr.  This  work  initially  focused  on  the  Srj-TCa,NaNb}Ol3  (SCNN) 
solid  solution  because  of  an  observed  enhancement  of  the  room- 
temperature  dielectric  constant  of  ceramic  SNN  with  Ca  modifi¬ 
cation.  Czochraiski  crystal  growths  for  the  .r  =*  0.10  composition 
Sr,,CavlNaNb'Onj  have  shown  large  room- temperature  dielec¬ 
tric  constants  <£|700)  for  both  polar  and  nonpolar  directions*  a 
unique  property  of  .mporunce  »n  phoiorefracnve  and  electrooptic 
device  applications  such  as  tnree-dimensionai  memories  and  opti¬ 
cal  displays.  However,  bulk  single-crystal  growths  of  SCNN  with 
diameters  greater  than  0  5  cm  have  proved  difficult*  so  we  are  now 
investigating  growths  along  the  pscudobmary  join  SCNN-BNN. 
These  bjvc  been  very  cncouragtng.  with  fracture-free  crystal 
bouies  in  excess  of  1  0*cm  diameter  being  grown  in  some  instances. 
Details  of  this  work  are  beyond  the  intended  scope  of  this  paper 
nd  instead  will  be  published  m  a  forthcoming  paper. 

It  is  evident  that  there  are  numerous  possibilities  for  morpho- 
rropic  systems  *uhin  (he  tungsten  bronze  ferroelectric  family, 
although  in  no  way  should  the  present  paper  be  considered  a  com¬ 
prehensive  review  of  al!  uch  possibilities.  The  wealth  of  avail¬ 
able  MPB  systems  reflects  the  inherent  flexibility  of  the  bronze 
ervstai  structure  m  contrast  to  the  more  limited  flexibility  found 


in  other  crystal  systems.  This  same  structural  flexibility  has  also 
proved  advantageous  for  the  development  of  optical-quality  Ce- 
and  Cr-doped  crystals  for  photorefractive  applications.  Although 
the  Pb*contaming  MPB  bronzes,  such  as  PBN,  have  very  larie 
spontaneous  polarization  and  targe  dielectric  and  piezoelectric 
properties,  (heir  most  serious  drawback  is  the  hign  volatility  of 
PbO  at  crystal  growth  temperatures.  Hence,  lower-temperature 
growth  methods  such  as  hot-pressed,  gram-onemed  ceramics  or 
epitaxial  thin  films  may  prove  more  useful  for  practical  applica¬ 
tions  of  these  materials.  For  example,  epitaxial  thin  films  are 
particularly  suited  to  SAW  and  pyroelectric  detector  applications 
which  may  benefit  from  the  enhanced  ferroelectric  properties 
available  in  these  materials.  However,  many  of  the  non-Pb- 
contaming  MPB  bronzes,  and  perhaps  some  systems  which  con¬ 
tain  only  a  small  fraction  of  Pb  at  the  MPB  composition  (c  g.. 
PN-SNN.  SKN-PKN),  are  still  potential  candidates  for  bulk 
single-crystal  development. 

VI.  Conclusions 

Ceramic  and  single-crystal  investigations  of  mobates  and  tanta- 
lates  having  the  tungsten  bronze  structure  have  shown  the  exist¬ 
ence  of  MPB  regions  in  several  systems  with  PN.  PNN.  PKN. 
BN.  BNN*  SNN.  SKN,  PT.  etc.,  as  constituent  end  members.  In 
some  cases*  MPB  behavior  had  been  previously  observed  without 
mentioning  the  possible  existence  of  a  morphotropic  boundary. 
Because  of  the  wide  variety  of  MPB  systems  available  in  the 
tungsten  bronze  family,  the  selection  entena  for  continuing  mate¬ 
rials  development  necessarily  rest  upon  the  ferroelectric  properties 
available  within  each  system  (e.g.,  polarization,  dielectric  con¬ 
stants,  pyroelectric  coefficient,  piezoelectric  constants)  as  applied 
to  the  specific  needs  of  a  given  device  application.  However,  the 
ultimate  applicability  of  these  MPB  ferroelectncs  will  be  deter¬ 
mined  by  the  ability  to  grow  these  materials  in  the  appropriate 
densified  ceramic,  thin  film,  or  bulk  single -crystal  form  with  ma¬ 
terial  quality  (homogeneity,  transparency,  minimal  defects  and 
stnations,  low  dielectric  losses,  etc.)  sufficient  for  these  applica¬ 
tions.  The  highly  successful  work  to  date  on  the  development  of 
morphotropic  PBN  and  other  bronze  systems  should  therefore 
prove  invaluable  for  the  continued  growth  and  application  of  these 
and  other  new  MPB  bronze  ferroelectncs  in  the  future. 
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The  tetragonal  tungsten  bronze  ferroelectrics  in  the  strontium  banum  niobate  system  have 
been  extensively  studied  over  many  years.  As  for  many  of  the  bronzes,  a  crude  interpretation  of 
the  experimental  data  has  been  attempted  in  the  past  using  the  simple  Landau-Ginsburg- 
Devonshtre  expansion  of  the  Gibbs  free  energy  as  a  Taylor  series  in  powers  of  the  polarization, 
lumping  ail  the  temperature  dependence  into  the  lowest  order  term.  In  this  paper  new 
measurements  are  presented  for  the  temperature  dependence  of  dielectric  polarization, 
permittivity,  and  the  Afield  dependence  of  the  permittivity.  It  is  shown  that  for  a  realistic 
fitting  of  the  data,  the  Taylor  expansion  must  be  taken  to  at  least  the  eighth  power  term,  and 
that  the  coefficients  of  terms  up  to  the  sixth  power  must  be  taken  as  functions  of  temperature. 

Since  the  phenomenology  describes  equilibrium  behavior,  it  is  the  total  static  polarizability  that 
is  being  explored  m  this  treatment.  The  nature  of  this  temperature  dependence  strongly 
suggests  that  the  phase  transition  from  a  macropoiar  to  a  macrononpoiar  state  is  tetracnticai. 


I.  INTRODUCTION 

Tungsten  bronze  ferroelectric  oxides  have  received  con¬ 
siderable  attention  for  many  years,  with  perhaps  the  best 
known  of  these  being  compositions  in  the  Sr,  _  M  Ba,  Nb206 
(SBN)  solid  solution  system.  Numerous  applications  have 
been  realized  for  SBN,  particularly  in  the  areas  of  pyroelec¬ 
tric  infrared  detection,1  piezoelectrics,2'3  clectro-optics,4”* 
and  photorefracuve  optics,1"14  the  latter  resulting  from  the 
evolution  of  techniques  for  the  growth  of  high-quality  single 
crystals  m  the  congrucntly  melting  Sr06Ba04Nb206 
(SBN:60)  composition.13  As  in  the  case  for  other  ferroelec¬ 
tric  materials,  much  of  the  experimental  data  for  SBN  have 
been  interpreted  on  the  basis  of  the  Landau.Ginsburg. De¬ 
vonshire  (LGD)  phenomenology,  as  in  the  extensive  work 
by  Shrout  et  a/.16  on  the  elastic,  dielectric,  and  piezoelectric 
properties  of  SBN;60. 

With  some  important  exceptions,  nearly  all  of  these  in¬ 
terpretations  of  ferroelectric  behavior  have  involved  simple 
LGD  expansions  of  the  Gibbs  free  energy  as  a  Taylor  series 
m  even  powers  of  the  polarization,  truncated  at  the  sixth 
power,  with  all  temperature  dependence  carried  only  in  the 
lowest  order  coefficient17  This  approach  has  proven  suc¬ 
cessful  for  SBN  60, 3,16  although  in  some  instances  only 
rough  approximations  of  the  experimental  data  can  be  ob¬ 
tained,  as  in  the  case  of  the  dielectric  properties. 

The  development  of  optical  quality  SBN.  60  crystals  has 
made  it  possible  to  accumulate  very  reproducible  dielectric 


and  polarization  data  as  a  function  of  temperature  .«  this 
paper,  we  present  new  measurements  of  these  pi.  .  :rtics 
along  with  measurements  of  the  electric  field  depend  nee  of 
the  permittivity  as  a  function  of  temperature.  It  ,:,own, 
that  for  an  accurate  fitting  to  these  data  in  the  fero  :lectnc 
phase  the  Taylor  expansion  of  the  Gibbs  free  energy  must  be 
taken  out  to  at  least  the  eighth  power  of  the  polarization,  and 
that  the  coefficients  of  terms  up  to  the  sixth  power  must  be 
taken  as  strong  functions  of  temperature.  Since  the  pheno¬ 
menology  describes  equilibrium  behavior,  it  is  the  total  static 
polarizability,  summing  all  possible  contributions,  which  is 
being  explored  m  this  treatment. 

II.  THERMODYNAMIC  PHENOMENOLOGY 

The  free-energy  function  of  interest  for  a  polarizable  in¬ 
sulator  is  the  elastic  Gibbs  function,  given  by 

G,  =  U-TS-Xxt  ( l ) 

where  U  is  the  internal  energy,  T  the  temperature,  S  the 
entropy,  X  the  clastic  stress,  and  x  the  strain.  Under  the 
symmetry  constraints  of  bronze  ferroelectrics  with  a  high- 
temperature  tetragonal  prototype  symmetry  4/rnm/n,  the 
change  in  free  energy,  A(7„  due  to  nonzero  polarization  Pt 
may  be  written  as  a  power  scries  expansion  m  the  P,  *s  along 
the  three  principal  crystallographic  axes.  Under  isothermal 
conditions  and  zero  stress,  the  LGD  phenomenological  elas¬ 
tic  Gibbs  function  in  the  shortened  matrix  notation'*  be¬ 
comes 


^<7,  =  !/*„{<*,(/>}  +  />{)  +a,/’t  h «,,(/»;  i  I’])  t  <f,. /';/*■  t  »«,,/’!  (.«,,,(/'?  «-/>?) 

+  «..i +P*r\)  t  I  r',)P\  I  n,.xr\r\r\  \  «,„/»: 

+  <*..„(/’?  +p\)  i  «„„(/»:  ■  /*;»/':  •  i.  c 
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where  the  a  s  have  been  normalized  by  the  tree-space  per¬ 
mittivity,  6^  for  later  convenience.  Equation  (2)  principally 
differs  from  earlier  treatments'  **  by  the  inclusion  of  terms 
out  to  the  eighth  power  of  the  polarization  for  reasons  w  hich 
will  become  evident  later. 

For  nonzero  electnc  fields.  £,.  we  mu>i  examine  the 
complete  Gibbs  function  1G  =  .AG,  -  (  £,£,  ~  £:P: 
4-  ExPx)  Setting  the  first  partial  derivatives  ot  AC  with  re¬ 
spect  to  polarization  equal  to  zero  then  gives  the  electnc  field 
relations  along  the  pnncipai  axes: 

E,  =  l/f0 [2atP,  -r  *auP},  -r  2a,:P,P\  +  2a,iP,P\ 

-6 au,P\  +a„^2P,Pt  +4 P\P\)  -  *auiP\P\ 

+  2a, jj  P \P  j  4*  Zety^P  I  P\P  J  +•  S<innP , 

~  *#m:PlP4i  IP*}]’  (3) 

£,=  l/f0{2a}Ps  +  2an(P2,  ■>- P])P,  +  *ay:.P] 

■f  2a,,}(£t  +P\)Pi  +  *am(Pl  4-  P\)P\ 

+  2a,iiPllP\Py  +  6a„,Pi) 

—  4ornjj(/> i  +  P z)P]  +  8a,j)3£ j  ].  (4) 

The  electnc  field  expression  for  £:  has  been  omitted  since  it 
is  formally  equivalent  to  Eq.  (3)  for  the  tetragonal  symme¬ 
try  assumed  here. 16  The  solutions  of  these  equations  with  E, 
=  0  determine  the  normal  ferroelectnc  states;  in  the  case  of 
tetragonal  bronze  ferrodeemes,  the  3  (Ore)  axis  is  the  only 
spontaneously  polanzable  axis,  so  that  Eqs.  ( 3 )  and  ( 4 )  re¬ 
duce  to 

£i  —  \/€0[2atP ,  *4*  4<z, XP]  4*  2cr} yP XP  j  —  6c?, nP , 

4*  4<z, nP \P  j  4-  2a]}}P ,£ ) 

4-8crnM£j  4-  4<zu  \  P  j  ] 

(£,  =  0),  (5) 

£3  =  l/^o ( 3  4-  4a)3/>  ]  -r  6aJ33£  j  4*  8a 3 333 £  j  ] 

^  =  />2  =  0).  (6) 

The  dielectnc  stiffnesses,  =  £(,~  l,  are  then  given  by 

=  e0  ~~~  —  2a,  +  12a, ./’j  +  2a,,?2,  +  30a,,,£t 

oTt, 

+  12a,u/>i/>i)+2aOJ£‘J 

f  56a„„/>t  +  12a, 

(£,=0),  (7) 

or 

Ylt  =  2at  +  2al}P]  +2an}P*t  (/>,  =  /»,  =0).  (7a) 

and 

f  jj  =  "r  “5  —  ^a3  4-  l2aJJ/>3 

<7r  3 

-r  300333/^  3  4-  56a 333 yP  j 

(/>,=/>,=  0)  (X) 

At  temperatures  well  above  the  ferroelectric  Curie  point,  /* , 
£)  =  0  under  zero  bias  conditions  and  the  paraclectnc  stiff¬ 
nesses  generally  follow  3  linear  Curie-Weiss  behavior  of  the 
form 


r,t  =  2a,  =  ( r- (T>r()  ( 9 ) 

=  2a.  =  ( r— 03)/Cj  ( r>  rf ).  (i0) 

with  £,«0)  For  a  first-order  phase  transition  ^,<r,. 
whereas  for  a  second-order  transition  0,  3  Tc  under  ideal 
conditions,’7 1Q 

Generally,  there  are  no  restnctions  on  the  temperature 
dependence  of  the  higher  order  Devonshire  coefficients  a„. 
av.  a,„,  etc.,  and  indeed  for  cases  such  as  BaTiC>3  some  tem¬ 
perature  dependence  has  been  found.20  However,  m  most 
treatments  of  ferroelectnc  matenais,  the  higher  order  coeffi¬ 
cients  are  assumed  to  be  temperature  invariant,  at  least  over 
a  limited  range  below  Tc,  and  i^asonably  good  fits  to  dieiec- 
tnc  and  spontaneous  polarization  data  can  be  obtained.  Nev¬ 
ertheless,  the  uniqueness  of  the  Devonshire  coefficients  is 
necessarily  determined  by  physically  measurable  param¬ 
eters  such  as  the  low-frequency  dielectnc  constant,  the  spon¬ 
taneous  polarization,  and  theelectnc  field  which  must  ngor- 
ously  satisfy  the  dielectnc  stiffness  and  electnc  field 
equations  as  well  as  other  denved  phenomenological  rela¬ 
tions.  These  we  shall  now  examine  on  the  basis  of  macro¬ 
scopic  experimental  data  for  tungsten  bronze  SBN  60. 

III.  TUNGSTEN  BRONZE  S8N:60 

The  congruently  melting  SBN  60  composition  is  a 
smaller  unit  cell  bronze  with  a  tetragonal  4-mm  crystal 
structure  at  room  temperature  and  lattice  constants 
a,b  =  12.465  A  and  c  =  3.935  A  as  determined  by  x-ray  dif¬ 
fraction  measurements.  The  SBN  solid  solution  system  is 
represented  by  the  formula  {Ax  )4{,42)2Bl0Ow  in  which  bou. 
the  Sr  *  and  Ba2^  ions  occupy  the  fifteenfold  (A , )  and  two 
vefold  (/f2)  coordinated  oxygen  octahedra  sites.21 22  Since 
only  l  of  these  sites  arc  occupied.  SBN  is  referred  to  as  a. 
unfilled  bronze.  The  high-temperature  prototype  symmetry 
is  tetragonal  4 /mrrtm,  placing  SBN  in  the  Shuvalov  ferroe¬ 
lectric  species  4 / mmm(  1  )D4F4<r?-*  23 

The  SBN  60  solid  solution  crystals  examined  were 
grown  by  the  Czochralski  technique’5  24  23  using  an  auto¬ 
matic-diameter  control  system  to  facilitate  tight  composi¬ 
tional  control  and  high  optical  quality  during  bulk  crystal 
growth.  Further  details  may  be  found  in  previous  pa¬ 
pers.6"*12  Over  100  growths  have  now  been  performed  in  the 
SBN  system,  including  undoped  and  doped  crystals  ( Ce.  La, 
Fe,  etc.),  and  crystal  quality  has  evolved  to  the  point  where 
c-axis  boules  up  to  4  cm  diam  are  now  routinely  grown,  free 
of  detectable  imperfections  and  major  optical  stnations. 
These  crystals  have  been  of  sufficiently  high  optical  quality 
to  permit  extensive  optical  measurements  such  as  two-  and 
four-wave  mixing  and  self-pumped  phase  conjugation.*"14 
A  photograph  of  a  typical  SBN  60  crystal  boule  is 
shown  in  Fig.  1.  A  general  characteristic  of  tungsten  bronze 
crystals  is  t  he  presence  of  major  facets  parallel  to  the  growth 
axis,  m  the  particular  case  of  SBN  60  c  ,uis  growths  there 
arc  24  facets,  includtng(  KX)),  (010).  (  I  10),  etc  .  a  feature 
winch  significantly  eases  the  task  * >1  crystal  orientation  and 
cutting 

IV.  EXPERIMENTAL  METHOD 

1  he  two  principal  tryM.ilIngi.iphic  axes  ol  interest  in 
SBN  (>Oare  the  tt  or  b  axes  (  ( 1 CX ) )  or  (010)  )  and  flic*  polar  c 
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FIG  I  CzocnnisV.i-gi*o%«n  SBN  60  bulk  single  crystals. 


axis  uOOl ) )  Crystal  wafers  in  these  orientations  were  cut 
vah  a  diamond  saw  and  then  mechanically  lapped  and,  m 
iome  instances,  additionally  polished  to  an  optical  fimsn. 
However,  the  latter  step  was  not  found  to  be  particularly 
necessary  for  electrical  measurements,  as  long  as  the  con¬ 
tacts  *ere  annealed.  We  have  used  sputtered  Pt  or  Au  full 
3rea  contacts  almost  exclusively  in  our  measurements,  and 
although  other  materials  (such  as  Al)  and  contact  forming 
methods  (such  as  hred  pastes)  are  viable  alternatives,  sput¬ 
tered  noble  metal  contacts  have  been  found  more  stable  at 
elevated  temperatures  and  yield  highly  reproducible  electri¬ 
cal  measurement  data. 

Contacted  crystal  samples  were  generally  annealed  m  a 
dry  oxygen  atmosphere  at  450-550  ’Cfor  1-3  h  prior  to  mea¬ 
surement.  Although  the  crystal  bouics  undergo  a  post¬ 
growth  anneal  at  1300-1400  *C,  thesecond  low-temperature 
anneal  establishes  a  good  interface  between  the  contact  me¬ 
tallization  and  the  crystal  surface,  and  helps  to  minimize 
surface  conductivity  along  the  unmetallized  edges.  Surface 
damage  due  to  cutting,  polishing,  and  metal  deposition  ap¬ 
pears  to  be  minimized  at  these  relatively  low  temperatures, 
and  icsiduai  internal  stress  is  also  probably  reduced. 

The  measurement  apparatus  for  dielectric,  conductiv¬ 
ity.  and  polarization  measurements  consisted  of  a  fully 
shielded  alumina  sample  mount  enclosed  m  an  environmen¬ 
tally  sealed  alumina  chamber.  Electrical  contact  with  the 
test  samples  was  established  by  small  Pt  pads  which  lightly 
pressed  against  a  portion  of  the  contact  metallization  using 
an  adjustable  spring-loaded  alumina  rod.  Details  of  the  de¬ 
sign  are  given  in  the  paper  by  Monn,  Oliver,  and  Housley*/* 
the  apparatus  in  ns  present  configuration  represents  evolu¬ 
tionary  refinements  of  the  original  design.  Sample  tempera¬ 
ture  control  was  facilitated  by  a  Kanthai-wound  tube  fur¬ 
nace.  with  temperatures  below  room  temperature  achieved 
by  spraying  liquid  nitrogen  onto  the  sample  chamber  wall. 
N:  gas  was  used  in  the  chamber  below  0  *C  and  02  above  at  a 
-  2  psi  positive  pressure  to  maintain  a  dry  environment. 

All  dielectric  measurements  were  made  with  a  calibra¬ 


ted  HP-^274 a  bridge  covering  the  frequency  ranee  oi  iOO 
Hz-100  kHz.  dc  currents  were  measured  with  a  Keithiev 
619  electrometer  All  data  acquisition,  process  control,  and 
data  analysis  were  facilitated  by  a  HP98 16  desktop  comput¬ 
er  using  an  IEEE-488  interface  bus. 

V.  POLAR-AXIS  PROPERTIES 

The  bronze  solid  solution  system  Sr, . ,  BatNb:06, 

0  25 <*<0.75,  is  characterized  by  a  large  dielectric  anomaly 
along  the  polar  c  axis  at  the  paraelectnc/ferroeiectnc  phase 
transition  temperature,  T,.  An  example  is  shown  in  Fig.  2 
for  the  weak-field  c-axis  dielectric  constant,  as  a  function 
of  temperature  for  an  SBN:60  crystal  poled  to  a  single  ferroe¬ 
lectric  domain.  A  recurring  feature  of  SBN  is  the  significant 
dielectric  dispersion  which  appears  within  a  10-15  *C  range 
ofT,  (  —  75  *C)  as  shown  in  Fig.  2.  This  Debye-type  relaxa¬ 
tion  behavior  is  why  SBN  solid  solution  crystals  are  general¬ 
ly  referred  to  as  relaxor  ferroelectncs.  This  behavior  is  pos¬ 
tulated  to  occur  because  of  the  distribution  of  phase 
transition  temperatures  in  the  bulk  of  the  crystal  arising 
from  the  site  uncertainty  of  the  Sr"  and  Ba2"  ions  in  the 
partially  filled  lattice.  Further  evidence  for  this  postulate  is 
provided  by  comparison  with  “filled**  bronze  ferroelectncs, 
such  as  Ba2_4SrxK,-/NarNb5Ol5(BSKNN),'4  where  re¬ 
laxor  behavior  is  greatly  diminished. 

Fbr  temperatures  approximately  20  *C  or  more  on  ei-  * 
ther  side  of  Te%  the  dielectric  dispersion  iS  small  (t>picall> 
<2%  from  100Hz-100kHz),asisthedielcctncloss  (tan  5 
typically  0.007  or  less  at  20  'C,  and  less  than  0  00 1  at 
120  *C).  Room-temperature  dark  dc  conductivity  is  also 
very  small,  typically  10“13  cm~'  or  less,  and  can  onl> 
be  measured  under  absolutely  stable  temperature  conditions 
because  of  the  large  pyroelccmc  currents  which  can  other¬ 
wise  occur. 

SBN  60 crystals  which  have  been  thermally  depoled  b> 
a  warming  well  above  100  *C  show  the  same  low  diclectn: 
dispersion  and  loss  above  Tc,  but  show  a  very  large  disper¬ 
sion  and  loss  (tan  <5  =  0. 1CWT25  at  20  *C)  which  persist  well 
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FIG.  3  Arrhenius  plots  of tne  polar  aus  conductivity  ot' SBN  60  at  dc.  100 
Hz.  and  10  VHz.  The  dashed  lines  are  for  a  ihermailv  depoled  crystal,  the 
solid  lines  are  for  the  same  crystal  in  a  poled  condition 


bdow  0*C.  The  substantial  differences  between  the  poied 
and  depoled  ac  conductivities  arc  shown  in  the  Arrhenius 
plots  of  Fig.  3  at  ICO  Hz  and  10  kHz.  The  higher  conductiv¬ 
ities  and  large  dieiectnc  dispersion  for  depoled  crystals  are 
felt  to  primarily  anse  from  antiparallel  domain  wail  relaxa- 
uon:*  which  progressive!)  freezes  out  at  lower  temperatures. 
A  curiosity  of  SBN  compositions  is  that  at  low  temperatures, 
typically  below  —  100  #C,  the  antiparallel  ferroelectric  do¬ 
mains  of  a  depoled  crystal  effectively  clamp  the  crystal,  re¬ 
sulting  in  a  nearly  dispersion  less  dieiectnc  constant  which  is 
less  than  that  for  a  normally  poied  crystal. 

SBN:60  may  be  poled  to  a  single  ferroelectnc  domain  by 
applying  a  5— 10  kV/cm  dc  field  along  the  polar  c  axis  at 
room  temperature.  However,  an  initial  thermally  depoled 
condition  is  necessary  since  the  inadvertent  application  of  a 
reversed  polarity  field  to  a  partially  poied  crystal  can  result 
in  the  formation  of  antipolar  macrodomains  which  cannot 
be  fully  switched.2*-*30  For  this  work,  poling  was  accom¬ 
plished  by  a  field-cooling  method  with  the  dc  field  applied 
from  just  below  Tc  down  to  room  temperature  or  below. 
Although  it  would  appear  advantageous  to  apply  a  poling 
field  well  above  Te  and  then  cool  because  of  the  distributed 
nature  of  the  phase  transition  temperature  in  the  crystal 
bulk,  in  practice  this  was  found  to  degrade  the  room-tem¬ 
perature  dieiectnc  losses  by  as  much  as  a  factor  of  3  due  to 
space-charge  effects  and  did  not  result  in  any  significant 
changes  of  the  measured  polarization. 

Figure  4  shows  the  c-axjs  polanzation,  P)t  and  the  pyro¬ 
electric  coefficient.  pt  for  a  poled  SBN  60  crystal.  These  data 
were  obtained  during  warming  at  a  nominal  3  ‘C/mm  race, 
with  other  rates  giving  substantially  the  same  results  The 
polarization  was  determined  from  the  numerically  integrat¬ 
ed  charge  released  during  warming  at  zero  bias.  The  pyro¬ 
electric  coefficient  was  measured  simultaneously  wiih  the 
polanzajion’  10  using 


where  r,  the  rate  of  temperature  Junge  .inti  J is  the 

JO 


FIG  4.  The  polar-axis  polarization.  P)t  and  the  pyroelectric  coefficient,  p, 
or  SBN  oO  The  high-iempcTature  iaii  re$ionsaend  to  ''ary  somewhat  with  . 
the  poimg  conditions. 


measured  current  density.  Although  either  form  of  Eq.  (11) 
may  be  used  to  determine  pt  numerical  differentiation  of  the 
polarization  data  was  found  less  noisy  since  it  was  less  affect¬ 
ed  by  small  fluctuations  in  the  thermal  ramp  rate. 

The  pyroelectric  maximum  for  S8N:60  occurs  at  67  *C 
(Fig.  4),  roughly  8  *C  bdow  T<9  and  the  net  polarization 
persists  well  above  Tc  because  of  the  distribution  of  phase 
transition  temperatures;  this  distribution  is  estimated  to 
have  a  Gaussian  half-width  of  8  *C.  At  room  temperature, 
P}  =  0.28  C/m2  and  p  =  9.7  X  10“4  C/m2  *C,  values  which 
arc  comparable  to  other  published  results.1  :*  Secondary  py¬ 
roelectric  contributions  to  these  data  due  to  thermal  dilata¬ 
tion  are  expected  to  be  small  except  very  close  to  T(.u 

A.  Phenomenological  fitting 

From  the  standpoint  of  the  thermodynamic  phenomen¬ 
ology,  it  is  preferable  to  examine  the  polar  axis  dieiectnc 
constant  of  SUN  60  in  terms  of  the  dielectric  stiffness,  ^ n 
=  6 1 , as  shown  in  Fig.  5  The  dielectric  stiffness  accurately 
follows  a  linear  Curie- Weiss  law  both  above  and  below  Tc 
over  a  wide  temperature  range,  with 

-  ever  <>i)  (  I'  >Ot) 

n  </v/v.  (12) 

where  hi  the  paraded  nc  phase  (  ,  4  lxlO'*C  and 

0%  ■;  75  *C.  .ind  in  the  ferroelectric  phase  C^f  =  4  5  x  I04  *C 
and  (>')  V  I  he  general  behavior  of  the  dielectric  stiff. 
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ness  suggests  a  near  >econd  *;rder  pnase  transition  *ne  'uv.; 
that  <9i,  is  felt  to  be  due  to  the  finite  Uistnoution  of 

phase  transition  temperatures  tn  SBN  erwab  indeed  :or 
"filled"  bronzes  such  is  BbKN^  this  difference  amounts 
to.  at  most,  i-2  *C  * 

The  linear  behavior  of  the  dielectric  >urfnes>  cocr  suen  a 
wide  temperature  range  below  T  is  unusual  .omparec  *o 
other  ferroelecinc  materials  such  as  LiNbOx  and 
BaTiOt.1*  20  A  quick  inspection  of  the  electnc  field  ana  ai- 
electnc  stiffness  expressions  m  Eqs.  (6).  (3).  and  t  10) 
shows  that  for  a  stiffness  expansion  truncafed  at  the  fourth 
power  of  Py  and  temperature  invariant  axy  and  a,)?.  only  a 
—  4:1  ratio  for  Cx.Cyf  is  predicted  in  the  low-temperature 
limit  (P}  large),  compared  to  the  -9:1  ratio  measured. 
Adiabatic  versus  isothermal  considerations  can  modify  the 
predicted  results.17 19  but  only  weakly  due  to  the  slow  van- 
anon  of  the  spontaneous  polarization  well  below  Tr. 

An  examination  of  the  spontaneous  polarization  (  Fig. 
4)  shows  a  linear  temperature  dependence  for  P )  over  a  very 
wide  temperature  range,  as  shown  m  Fig.  6.  Deviations  from 
linearity  occur  only  very'  close  to  Tc  and  at  the  iow-»empera* 
cure  extreme.  Formally, 

p>  =  Py>{e,r-r)u\  (13) 

with  d}f  =  69  #C,  as  before,  and  Pw  =  0.150  C/m2  'C  * 
From  Eq.  (11).  the  pyroelectric  coefficient  is  then 

P  =  PyjMy  -  n5/f>  =  Pyt 6{9V  -  D.  I  14) 

which  is  expenmentaily  satisfied  over  an  equally  wide  tem¬ 
perature  range. 

The  temperature  dependence  of  p  in  Eq.  (14)  may  be 
compared  with  the  phenomenology  by  taking  ihe  derivative 
with  respect  to  temperature  of  the  electnc  field  expression  in 
Eq.  (6)  under  zero  field  conditions.  For  temperature  invar¬ 
iant  higher  order  coefficients  and  a}  defined  by  Eq.  ( 10).  we 
have 

o  =  _L  />J  +  (Hzil  +  12  a„P\ 

4- 30aj3ji° 3  4*  56an*jF*  j  -pp  (15) 


FIG  5.  The  polar-am  reciprocal  dielectric  uhimjiii  ,»i  III  VII/  fur  |w»lrtl 
SBN  60. 


FIG  6  Plot  of  i he  sum  power  of  ^  vs  temperature,  showing  a  wide  linear 

region  below  ihe  rero  intercept  at  69  *C. 


ComDanng  this  with  the  dielectnc  stiffness  expression  m  Eq. 
(3).  Eq.  (15)  reduces  to 


P=  “ 


(16) 


dT  C, 

Using  the  empirical  relation  for  f)}  given  in  Eq.  (12)  for 
T <  9)/t  Eq.  (16)  becomes 

p  =  CvP>/C>(ev-T)  =Py/9  IK e>,-D.  (17) 


a  relationship  which  is  in  vast  disagreement  with  the  ob¬ 
served  behavior  of  Eq.  ( 14).  Note  that  Eqs.  ( 16)  and  ( 17) 
arc  correct  for  any  number  of  higher  order  Devonshire  coef¬ 
ficients,  as  long  as  they  remain  independent  of  temperature. 
In  the  particular  case  of  SBN:60,  this  assumption  is  clearly 
not  valid. 

The  dielectnc,  pyroelectnc,  and  poianzation  behaviors 
desenbed  here  for  SBN.60  have  been  consistently  found  in  a 
large  number  of  crystal  samples,  with  relatively  minor  varia¬ 
tions  in  the  physical  constants  being  found  from  one  crystal 
growth  lo  another.  Effects  due  to  sample  geometry  arc  also 
not  significant;  excellent  agreement  in  the  properties  has 
been  found  for  samples  from  0.35  mm  up  to  several  mm  in 
thickness,  indicating  that  contact  layer  effects  do  not  play  an 
important  role. 

It  is  evident  from  the  polar-axis  behavior  of  SBN:60  that 
the  phenomenology  for  the  Gibbs  free  energy  must  be  taken 
out  tout  least  the  eighth  power  of  P  (sixth  power  in  dielectnc 
stillness )  with  temperature-dependent  higher  order  coeffi¬ 
cients.  Ironically,  a  icasoiiahle  sixth-order  least-squares  fit 
to  the  dielectric  data  can  still  be  achieved  over  a  moderate 
temperature  range  using  temperature-independent  coeffi¬ 
cients.1'*  However,  the  pyroelectric  data  clearly  show  that 
the  relationship  between  p  am!  /\  |  Ei|.  (  14)  |  is  independent 
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M  Cune-'^eiSS  coeffieienr  C  .n  .loiaoon  of  the  pn<?no- 
menoiczs  for  temperature  independent  higner  order  coeffi¬ 
cients  ;Eqs  t  1 6)  and  <  i  ~ i I  This  Situation  is  not  unique  to 
jndoped  SBN  60  ae  ru^e  tound  equi  valent  behavior  in  oth¬ 
er  SB's  compositions  eg,  SBN  50)  doped  crystals  »e  z 
La  '  '  and  more  .mporiantlv  *or  %ther  ferroelectric 
oronzes  nciudinz  compositions  in  tne  8SK.NN  system 

The  measured  temperature  dependencies  ot  the  sponta¬ 
neous  polarization  and  the  polar-axis  dielectric  stiffness  are 
hichiy  suggestive  of  mg  her  order  thermodynamic  coeffi¬ 
cients  of  the  form 

a  .  sa?,(0v-  n:  \ 

■a^JJ(0v-TV'^ 

*hich  qualitatively  at  least,  will  then  satisfy  the  observed 
temperature  dependence  of  f)V  The  measured  relationship 
between  p  and  Py  ( Eq.  ( W )  will  also  be  satisfied,  but  unfor¬ 
tunately  without  yielding  any  information  about  the  magni¬ 
tudes  of  a? j,  etc.  However,  the  postulated  temperature  de¬ 
pendencies  may  be  unnecessarily  strict  since  the  dielectric 
stiffness  and  electric  held  relations  involve  the  sum  and  dif¬ 
ference  of  at  least  four  (potentially  large)  terms  in  the  ter- 
roeltfctnc  phase.  Hence,  an  additional  experimental  method 
is  needed  to  determine  the  thermodynamic  coefficients  in  an 
unequivocal  manner. 

3.  The  linear  electro-dielectric  effect  in  S8N:60 

The  extension  of  the  LGD  phenomenology  out  to  the 
eighth  power  of  Py  in  the  Gibbs  free-energy  expansion  neces¬ 
sarily  leads  to  an  underdetermined  set  of  equations  based  on 
the  physically  measurable  parameters  E}  and  so  that  no 
unique  values  for  the  higher  order  coefficients  can  be  estab¬ 
lished.  One  solution  to  this  problem  is  to  examine  the  behav¬ 
ior  of  the  dielectric  constant  at  several  different  applied 
fields,  this  will  lead,  for  example,  to  upward  shifts  of  the 
phase  transition  temperature  for  applied  fields  of  the  same 
polarity  as  the  poling  field. 17  This  technique  has  been  used  by 
many  authors  to  investigate  ferroelectric  materials,  includ¬ 
ing  the  excellent  work  by  Glass’  on  SBN  compositions  and 
the  work  by  Bums  ct  alP 2  to  determine  the  values  of  the 
sixth-order  Devonshire  coefficients  for  La-modified 
Sr:KNb30,5  crystals.  Unfortunately,  this  type  of  analysis  is 
necessarily  limited  to  asmall  temperature  range  near  T( ,  and 
is  further  complicated  by  finite  distributions  of  transition 
temperatures  in  materials  such  as  SBN. 

An  alternative  technique  is  to  examine  small  changes  in 
he  dielectric  constant  with  changes  in  the  applied  field  ar 
'ixed  remperaturcs,  this  method  was  successfully  used  by 
Drougard,  Landauer,  and  Young20  to  establish  the  strong 
femperature  dependence  of  the  fourth  power  coefficient  in 
IhTiO,  using  a  dynamic  low-frequency  biasing  technique 
ibove  Tf  This  method  may  also  be  applied  below  V(  as  long 
is  instrument  sensitivity  and  accuracy  arc  sufficient  lo  mc.i- 
n re  A^>t  In  the  particular  case  of  the  eighth-order  pheno¬ 
menology  presented  here,  the  change  in  the  dielectric  stiff¬ 
ness  with  applied  electric  field  along  the  c  axis  may  be 
calculated  from  Eq.  (8): 


=  ■  24a. * r\  -  120 axxxP\  -  536a, xXSP\) 


dP* 


( IS) 


For  small  changes  in  £x.  aPy/dEy  =  €0€ yx,  so  that  Eq.  {  \$) 
may  oe  written  as 

=  t  120a, *  336a,„,Pt) 

uE\  P\ 

( 19) 

This  equation,  combined  with  the  relations  for  the  electric 
field  (Eq.  (6))  and  dielectric  stiffness  [Eq.  (18)].  com¬ 
pletes  the  set  of  equations  necessary  to  determine  the  higher 
order  coefficients.  Under  the  constraint  of  small  linear 
changes  of ^33  with  applied  field,  the  solutions  are 


i  f  Py  jxn 

ne„P\  \«o  SE} 


-T) 


-  11  . 


24^33?  J  \€0  9Ey 


k9,  -  T) 


°**yyP) 


Ey  dx  n  ,  o  -  (&y  —  T) 


To  this  point,  we  have  made  no  assumptions  regarding 
any  specific  temperature  dependencies,  except  for  the  parae- 
lectnc  dielectric  stiffness,  (T  —  dy)/Cy  in  the  particular 
case  of  SDN‘60,  we  may  substitute  for  the  temperature  de¬ 
pendence  of  Py  and  €yyt  and  with  the  approximation  9  s#, 
s(?v,  the  expressions  in  Eq.  (20)  become 


dXu 


64Cv/>,0  \f0  BE,  C,  / 

where  C,f  and  P w  are  as  defined  earlier  Hence,  if  dxu/BEy 
vanes  with  temperature  as  P  f  a3333  is  a  constant.  Similar- 
ly,  a, j  and  0:333  will  vary,  respectively,  with  temperature  as 
{0  -  Dzn  and  {9  -  T)'n,  as  suggested  earlier.  However, 
note  that  the  higher  order  coefficients  need  not  follow-  any 
specific  simple  functions  of  temperature,  but  need  only  satis¬ 
fy  the  general  expressions  given  m  Eq.  (20). 

The  linear  electro-dielectric  effect,  J*7<9£,  is  the  low- 
frequency  analog  of  the  linear  electro-optic  effect  in  ferro¬ 
electric  crystals,  and  it  is  a  particularly  powerful  test  for  the 
validity  of  truncated  free-energy  power  expansions.  For  ex¬ 
ample,  rearrangement  of  the  third  expression  in  Eq.  (20) 
gives 

^  =  j(64f,,a)my>t-8^1^LTL  +  7)-  OH 


~~  —  (bi(uaiiiiPl’i  ~  1 

uEy  1  j  \ 


so  that  by  setting  a1j3)  =  0,  the  clcctro-dicicctric  response 
for  a  sixth-order  Gibbs  free-cncrgy  expansion  may  be  calcu¬ 
lated.  In  the  particular  case  of  SBN  60  ai  20  *C.  with 
=  920  and  Px  =  0.285  C  m2,  the  calculated  sixth-order 
response  is  l90x  10'  m/ V  flic  measured  value,  constant 
for  linear  dielectric  changes  of  up  to  several  percent,  is 
1 18  a  10  '2  m/  V,  more  than  twice  the  calculated  sixth-or¬ 
der  value.  I  his  discrepancy  cannot  be  accounted  for  by  adia¬ 
batic  or  coiitfapiczocicunc  corrections  miicc  these  amount 
to,  at  most,  a  3%-4%  correction  to  the  calculated  value. 
I  Ins  particular  result  is  what  finally  confirmed  our  recent 
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mat  j  Mun-order  LOO  pnenomenoiogy  xas  ma- 
decuate  to  -.haraetenze  SBN  compositions,  and  perhap5>  the 
[unseen  oronzc  crwal  :amii\  m  general 

A  ruil  senes  o«  elect ro-dideeirie  measurements  were 
earned  out  from  -  I-tO  C  to  T  on  poled  SBN  60  crystals 
from  different  g  o^ih"  All  measurements  were  made  at 
n\ec  temperaturev  o  m^ure  equilibrium  conditions  Al- 
thougn  :ne  response  limes  for  changes  in  applied  held  were 
$no r  oeiow  50  4C  t  on  the  order  of  the  bridge-balancing  time 
of  -  i  >  or  less)  these  increased  to  tens  of  seconds  near  Tc. 
rendering  methods  <‘ach  as  low-frequency  dynamic  biasing 
to  oe  ot  limited  ^alue.  Nevertheless,  the  latter  has  appealing 
features  and  may  be  explored  m  future  work.  In  the  present 
work,  ail  electro-dielectric  measurements  were  performed 
using  static  eiecinc  helds  of  alternating  polarity. 

Representative  electro-dielectric  response  data  for 
SBN  oO  arc  shown  in  Fig.  7  The  higher  order  Devonshire 
coefficients  were  calculated  from  these  data  and  from  mea¬ 
sured  and  Px  values  using  Eq.  (20),  and  are  plotted  on  a 
*ogJog  scale  versus  (<9V  -  71  in  Fig.  3.  These  coefficients 
are  well  characterized  by  the  postulated  temperature  de¬ 
pendencies,  with 

-  =  -  i  22*  lO~*(0x  -  T). 

-  ;  =  l  54 x  1O"J(0V  -  7VM  <m:/C)\ 

.c.;.=  -  !  03x  i(T:(0v  -  7V'X  ( m:/C)J, 

2  20 x  1CT‘  (m:/C)* 

The  solid  curve  in  Fig.  7  is  calculated  from  Eq  (21 )  using 
the  ^alue  of  auu  given  above. 
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FIG.  S  Log-log  plots  of  ihe  higher  order  c-ajus  Devonshire  coefficients  vs 
f  *?./  -  n  The  coefficients  follow  a  ( —  7V  temperature  dependence, 
/r  =  0.  and  « 


The  electro-dielectric  response  was  found  to  be  indepen¬ 
dent  of  applied  voltage,  as  expected,  for  dielectric  changes  up 
to  3%-4%;  the  maximum  applied  voltage  was  adjusted  with 
temperature  to  maintain  adequate  sensitivity  and  linearity. 
However,  close  to  Tc  no  consistent  data  couid  be  obtained 
due  to  long-term  drifts.  In  spite  of  the  long  equilibration 
times  necessary'  after  temperature  changes  near  Tc  (  —  1  h)f 
the  dielectric  data  were  found  to  be  highly  reproducible  on 
cooling,  indicating  that  a  fully  poled,  single  ferroelectric  do¬ 
main  condition  can  be  maintained  in  SBN:60even  after  long¬ 
term  exposures  to  elevated  temperatures  near  Tc . 

Figure  9  shows  the  calculated  crystal  free  energy,  AG,, 
as  a  function  of  polarization.  At  room  temperature,  the 
depth  of  the  potential  well  is  only  —  1  meV  per  unit  ceil, 
substantially  below  the  thermal  energy,  kTt  thus  illustrating 
the  cooperative  coupling  of  microdomains  necessary  to 
maintain  a  uniform  macrodomain  state.  The  calculated  free 
energy  is  absolutely  stable  over  the  entire  temperature  range; 
mctastablc  states  for  AG  =  AG,  —  EyPy  do  exist  for  reverse 
polarity  fields,  but  these  are  inaccessible  since  they  lie  at 
energies  above  those  for  the  absolutely  stable  states.  Calcu¬ 
lated  Py  vs  Ey  hysteresis  loops  for  SBN.60  show  a  coercive 
switching  field  of  approximately  20  kV/cm  at  room  tem¬ 
perature.  a  factor  of  3  larger  than  the  —  2.5  kV/cm  encoun¬ 
tered  experimentally.  However,  this  result  is  not  surprising 
since  the  phenomenological  model  does  not  attempt  to  ac¬ 
count  for  the  kinetics  of  microdomain  reversal."  w 

I  lie  electro-dielectric  character  of  SBN  60  crystals  was 
also  examined  above  the  ferroelectric  phase  transition  tem¬ 
perature  In  this  phase,  Px  is  small  or  zero  at  zero  bias,  hence, 
using  /\ -*  A/',  =  t(liMA/f,  in  Kq.  (8).  and  ignoring  higher 
order  tci  ms. 
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riG  9  CiicuUied  curves  for  the  Gibb*  free  energy  of  SBN  60  ai  four  i«m- 
^eniures,  showing  absolute  subthly  for  the  energy  minima  at  F,  =  -  P, 


?oo 


S3N  60 


FIG.  10.  The  a-axis  dielectric  constant  of  SBN  60  at  10  kHz.  Dau  at 
frequencies  are  eisentiaily  ‘dentical.  The  dashed  cur>e  is  calculi  .  'om 
.he  phenomenological  model  osmg  temperaiure-maependent  hiS..*.  -.ier 
coefficients. 


^„/a£,a24a3,44A£,  ( T>TC ).  (22) 

or 

le , j/f  j 3  a  -  24<i . j  ( f0A£j ) 2  ( 23 ) 

Therefore,  is  expected  to  vary  quadratically  with 

applied  electric  field  and  rapidly  diminish  above  Tc  with  the 
third  power  of  €yy  This  behavior  was  found  in  SBN:60,  but 
some  asymmetry  with-  ±  &£y  was  seen  in  poled  crystals  at 
temperatures  as  much  as  40  *C  atove  Tc.  A  more  symmetric 
response  was  found  after  thermal  depoiing  under  shorted 
conditions,  although  measurements  below  95  *C  remained 
unreliable  due  to  long-term  drifts*  presumably  due  to  crystal 
repoling.  From  the  measurements  over  the  temperature 
range  of  1CO-150*C,  the  averaged  value  of  a)3  calculated 
from  Eq.  (23)  is 

a„a  -  MXlO-W/C)1  (T>TC), 

a  value  opposite  m  sign  to  the  T <  Tc  value.  Although  it  was 
difficult  to  establish  any  temperature  dependence  for  an  tn 
the  paraelectric  phase,  it  seems  reasonable  to  presume  that 
a, ,  changes  sign  somewhere  near  Tc  with  r.o  abrupt  discon¬ 
tinuities.  Such  a  sign  change  may  also  occur  for  am,  but  this 
could  not  be  determined  from  these  measurements. 

VI.  NONPOLAR  PROPERTIES 

Wc  now  turn  attention  to  the  dielectric  properties  of 
SBN:60  along  the  nonpolar  a  or  b  axis.  The  wcak-ficld  di¬ 
electric  sufTness  at  zero  bias  is  given  in  Eq.  ( 7a )  and  repeated 
here  for  convenience: 

r.i  =  =  <~T~  Oy)/C ,  +  20,^1  + 

(/>,  =  /»,=  0).  (2-») 


A  dieiectnc  anomaly  is  therefore  anticipated  for  ><,- 

lar  directions  as  a  result  of  the  onset  of  the  spom  t  -o 

lanzation,  Py  A  complicating  factor  in  the  meas  f  "f 

the  nonpolar  dieiectnc  properties  is  the  large  dir**'"' m- 
isotropy  of  most  tetragonal  ferroelectnc  bronzes.  n- 

complete  contact  coverage  or  slight  axial  misahn  an 


cause  erroneous  results,  particularly  near  T<  l  >, 

wc  were  able  to  obtain  a  nearly  perfectly  onented  a  .  ;a- 
tai  wafer  (as  evidenced  by  x-ray  diffraction  and 
uvity  measurements),  and  itsdiclectnc behavior 1  <n 

an  expanded  scale  m  Fig.  10.  Corresponding  An  .  s 

of  the  a-axis  conductivity  at  0. 1,  1.0,  and  10  kHzaic  j,  .  .  M- 
ed  in  Fig.  1 1,  showing  the  virtual  absence  of  major  conduc¬ 
tivity  peaks  near  T(. 


I'Ki  I!  Arrhenius  plutv  (if  the  u»ndi«.livily  for  SUN  U)  at  <lc.  ICO 

II/.  I  kll/.  jiuI  10  kl  (/.  much  of  I  he  Itmil/  conductivity  wav  m- 

\irumcut  Note  ihe  virtual  .ihvcmc  «*f  ,i  Ur^e  conducfiviiy  (*cak 
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The  a- axis  dielectric  dispersion  over  *00  H2-;C0  kHz 
was  found  to  be  minimal  except  at  the  temperature  extremes 
where  it  increased  to  2%-5%.  Dielectric  losses  were  similar¬ 
ly  low,  with  tan  6  =  0.003  or  less  over  most  of  the  tempera¬ 
ture  range,  rising  primarily  above  300  *C  due  to  the  onset  of 
significant  dc  conductivity  At  room  temperature,  the  dark 
dc  conductivity  was  typically  5  x  1 0  "  ~  '  cm  ~  1  or  less. 

As  expected,  changes  in  €tt  with  applied  field  were  un¬ 
measurable  because  of  the  small  induced  polarization 
A  Pi  =  t0e  M  A£,,  hence,  the  values  of  coefficients  such  as  a, , 
and  a(U  in  Eq.  (7)  (pt  ^ 0 )  could  not  be  determined.  This  is 
?f  hrtie  consequence,  since  these  coefficients  do  not  contrib¬ 
ute  to  the  dielectric  stiffness  [Eq.  (24)  ]  or  the  Gibbs  free 
energy  (Eq.  (2)  j  at  zero  bias  (F,  =  P2  =  0). 

The  dielectric  snffness  expression  in  Eq.  (24)  could  be 
fined  to  the  measured  data  under  the  assumption  of  tem¬ 
perature  invariant  a,3  and  at3).  The  calculated  curve  is 
shown  as  the  dashed  line  m  Fig.  10  based  on  the  following 
constants: 

Cf  =  2.04X  IQ5. 
dx  =  —  245  ±  20  *C, 
cr,3  =  3.78X  10“3  (m2/C)", 
a, 33  =  1.40X  10“2  (mVC)4. 

The  calculated  fit  to  the  a-axis  dielectric  data  is  general- 
ly  quite  good  (less  than  3.5%  error)  except  near  Tc.  Perhaps 
(he  most  interesting  discrepancy  is  the  roughly  10  #C  differ¬ 
ence  between  the  theoretical  and  measured  dielectric  maxi¬ 
ma.  The  a-axis  dielectric  peak  is  also  higher  in  temperature 
than  the  c-axis  peak  by  6-8  *C.  The  shift  in  temperature 
between  the  theoretical  and  expenmen tal  maxima  of  ,  may 
be  accounted  for,  at  least  in  pan,  by  fluctuations  in  P}  such 
(hat  (Py)  sO,  but  (Py2)  ?^0,  above  Tc.  This  would  also  help 
to  explain  the  small  discrepancies  in  the  theoretical  and  mea¬ 
sured  values  for  the  paraeiectnc  phase  well  above  Tc. 


VII.  DISCUSSION 

The  thermodynamic  phenomenology  developed  for 
S3N  60  may  be  applied  to  the  calculation  of  other  important 
crystal  properties  such  as  the  entropy,  Sf  and  the  excess  heat 
rapacity  Using  the  crystal  free -energy  expression  in  Eq.  (2) 
vif h  Pt  -  P,  -  0  and  the  measured  temperature  dependen¬ 
cies  of  the  coefficients,  the  entropy  is  given  by 


<p\  (25) 

Inserting  the  measured  temperature  dependence  of  Py  into 
Eq.  ( 2^5),  we  have 

5=  -O.14(0V- 7V°  cal/moKC,  (26) 

and  therefore  the  excess  heat  capacity  due  to  nonzero  polar¬ 
ization  below  Tc  is 


-  0.047  T(dyf  -  TV 2/3  cal/mol  #C.  (27) 

The  excess  heat  capacity  is  thus  expected  to  peak  sharp¬ 
ly  as  the  phase  transition  temperature  is  approached  from 
below,  m  qualitative  agreement  with  the  experimental  re¬ 
sults  by  Glass1  on  early  SBN  crystals.  However,  very  dose  to 
the  transition,  the  calculated  excess  heat  capacity  represents 
a  substantial  fraction  of  the  background  lattice  heat  capacity 
of  jO-40  cal/mol  C,  whereas  the  measured  values  represent 
only  a  few  percent  of  the  total.  Our  own  preliminary  heat 
capacity  results  show  similar  behavior.  However,  this  is  not 
entirely  unexpected  since  the  phenomenological  model  does 
not  account  for  a  distribution  of  phase  transition  tempera¬ 
tures,  but  rather  presents  an  average  of  (he  macroscopic 
crystal  behavior  for  regions  well  above  and  below  the  transi¬ 
tion  region. 

The  Gibbs  free-energy  function  for  SBN:60  possesses 
continuous  first  derivatives  with  respect  to  P,T and  discon¬ 
tinuous  second  derivatives,  making  SBN:60  a  second-order 
phase  transition  ferroelectric.  However,  .it  is  interesting  to 
note  that  the  temperature  behavior  of  the  heat  capacity  is  of 
the  form  expected  for  a  classic  first-order  transition,19  this 
being  due  to  the  strong  temperature  dependencies  of  the 
higher  order  Devonshire  coeffidents.  Since  these  coeffi¬ 
cients  tend  to  zero  as  T-5,  the  phenomenology  suggests 
that  the  transition  from  macropolar  to  macrononpolar  is  te- 
tracriticai  in  SBN:60. 

The  highly  regular  temperature  dependencies  of  the  ma¬ 
jor  physical  properties  for  SBN:60  permit  the  straightfor¬ 
ward  evaluation  of  several  parameters  relevant  to  device  ap¬ 
plications.  For  example,  the  commonly  accepted  figure  of 
merit  for  longitudinal  pyroelectric  infrared  ( IR)  detectors  is 
p/€yy  Using  Eqs.  (12)  and  (14), 

/>/*»  =  P}O(0v-T)U6/6C„f  (23) 

indicating  that  (his  figure  of  merit  vanes  only  weakly  with 
the  separation  between  the  operating  temperature,  7",  and 
the  transition  temperature.  Equation  (28)  is  also  valid  for 
other  SBN  compositions  (e.g.,  SBN. 50,  SBN.75),  with  dif¬ 
ferences  principally  occurring  in  the  value  of  dyf  and,  to  a 
lesser  extent,  P JO- 

Another  parameter  of  interest  for  optical  applications  is 
the  linear  electro-optic  coefficient,  r,r  The  linear  electro-op¬ 
tic  effect  in  bronze  ferroelectncs  may  be  considered  a  proto¬ 
type  quadratic  effect  biased  by  the  nonzero  spontaneous  po¬ 
larization  in  the  ferroelectric  phase.33  Hence,  along  the  polar 
caxis, 

Gj  “  y6Q€yy  =  2 gyyP (29) 

where  g33  is  the  quadratic  electro-optic  coefficient.  Measure¬ 
ments  of  on  SBN  crystals36  have  shown  this  to  be  essen¬ 
tially  independent  of  temperature,  with  a  value  of  -0.10 
m\'Cz,  so  that  at  room  temperature  the  calculated  linear 
coefficient  for  SBN:60  is  r,3  =  464  x  10“ 12  m/V  This  value 
is  in  excellent  agreement  with  room -tempera lure  measure¬ 
ments  at  optical  wavelengths, although  data  at  other 
temperatures  are  presently  lacking.  Howe>er,  considerable 
data  for  the  temperature  dependence  of  r,,  have  been  ob- 
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j-n cJ  .Of  SB's  ^  1  j'  miP.'Tctc'  ‘'r^acnvie'  —  *  1 

GHz1  At  '^m  temperature  fne  equi^  j«cni  '  .  jiue  > 

■  oCO-2  ~00  *  O’  ti/  ^  w  tth  (fie  spread  n  ^  jiue  cue  ?artl\ 
ro  complications  ansmg  rrom  moderate  dielectric  iOn^  At 
77  K.  where  fhe  dielectric  w>e$  are  .on'tderaois  ower 
r  s  =  725  <  I0",:  m/V  m  general  agreement  wan  me  tem¬ 
perature  dependence  predicted  in  Eq  t  2°  1  The>e  ;arge  val¬ 
ues  indicate  that  gu  is  suostanuallv  hiener  at  muiimeter- 
uaw  frequencies,  with  a  computed  salue  Of  approximateK 

0  oO  mVC: 

The  linear  eieciro-optic  effect  at  optical  and  millimeter- 
w  as  e  frequencies  is  the  high-frequencyequisaient  of  the  low- 
frequency  linear  electrodieiectnc  effect.  However,  it  must 
be  cautioned  that  although  the  room-temperature  value  for 
ri}  at  optica]  frequencies  is  similar  to  the  electro-dielectnc 
value  (418X  J0~ m/V).  their  functional  origins  are  vastly 
different.  This  is  reflected  in  the  temperature  dependencies, 
with  the  linear  eiectro-dieiecrnc  effect  m  S8N  60  following  a 
\dy  —  D“‘/6  dependence,  as  may  be  deduced  from  Eq. 
r 2 1 ) .  whereas  r,3  follows  a  much  stronger  {9V  -  7G‘5  s 
power  law  Nevertheless,  these  two  effects  do  share  a  com¬ 
mon  strong  dependence  on  the  value  of  the  low-frequencv 
dielectric  constant.  oJ3. 

In  the  derivation  of  the  phenomenological  constants  for 
SBN:60,  we  have  made  use  of  the  measured  c-axis  dielectric 
properties  in  the  paraeiectnc  phase  to  determine  the  Cune- 
Weiss  constants  C3  and  9U.  as  discussed  in  Sec.  V  These 
constants  were  determined  from  the  linear  inverse  suscepti¬ 
bility  region  which  exists  above  T€  up  to  approximately 
250  *C  ( Fig.  4)  However,  above  250  *C  there  exists  a  second 
linear  Curie-Weiss  region,  with  constants  C\  =2.8x1 05 
and  9\  =  134  *C,  the  latter  being  substantially  above  the 
phase  transition  temperature.  It  has  been  postulated  in  the 
work  by  Bums  and  DacolJ,J9  on  bronze  Sr:KNb30,5 
(SKN),  and  more  recently  in  their  work  with  Bhalia  et  a/.10 
on  SBN,  that  observed  deviations  of  the  optical  refractive 
index  from  a  linear  temperature  dependence  above  Tr  may 
arise  from  fluctuations  in  the  polarization  such  that  (Py) 
=  0,  but  (F})?£0,  over  a  large  temperature  range.  This 
would  necessarily  affect  the  low-frequency  dielectric  proper¬ 
ties  as  well,  and  may  account  for  the  change  in  slope  of  ^33  in 
the  paraeiectnc  region  below  250  *G 

This,  then,  raises  the  question  regarding  which  values  of 
Cy  and  9y  to  use  in  the  development  of  the  c-axis  phenomeno¬ 
logy  for  the  ferroelectnc  phase.  However,  evaluation  of  the 
ferroelectric  phenomenology  using  the  alternative  constants 
from  the  high-temperature  paraeiectnc  region  shows  a  raptd 
divergence  ot  all  of  the  higher  order  c-axis  Devonshire  coeffi¬ 
cients  near  the  phase  transition.  leading  to  metastable  energy 
slates  and  anomalous  calculated  hysteresis  loops  I  his  is  in 
sharp  contrast  to  the  well-behaved,  predictable  temperature 
dependencies  shown  in  See  V  This  result,  combined  with 
the  phenomenological  similarities  determined  for  other 
tungsten  bronzes  such  as  USKNN,"  leads  us  to  conclude 
that  the  lower  temperature  Curie-Weiss  region  provides  a 
more  valid  description  of  the  macroscopic  paraeiectnc  be¬ 
havior  of  SHN'60  as  it  applies  to  the  temperature  depen¬ 
dence  of  a,  in  the  ferroelectric  phase 

The  presence  of  fluctuating  polar  imcrndomuitis  in  the 


paraeie-tTiC  onase  oelow  jOO  C  aouiG  also  serve  to  explain 
*he  aesiation  otV, ,  from  the  extrapolated  high-temperature 
Cane- U/,eiss  behavior,  as  shown  in  Fig.  !0  An  average  rms 
polarization.  Pa  =  (P  )  *.  may  be  calculated  from  a  least- 
squares  At  of  Eq  (24)  to  the  measured  a-axis  paraeiectnc 
data  using  the  temperature-independent  values  forcr,3  and 

calculated  earlier  Such  a  fit  shows  a  substantial  non¬ 
zero  Pd  which  declines  nearly  linearly  with  temperature  up 
to  -  250-3CO  *C,  in  qualitative  agreement  with  the  results 
from  optical  index  measurements.10  However,  the  calculat¬ 
ed  magnitude  of  P4  cnticaJJy  depends  upon  the  chosen  val¬ 
ues  for  the  Cune-Wetss  parameters  C,  and  Qx  m  Eq.  (24), 
and  hence  cannot  be  determined  with  particular  confidence. 
This  uncertainty  also  exists  to  some  extent  in  the  interpreta¬ 
tion  of  the  refractive  index  data,  as  it  also  depends  upon  the 
chosen  e.xtraooiation  of  a  linear  high-temperature  re- 
gton.3*”40 

While  this  analysis  is  adequate  to  qualitatively  account 
for  the  deviation  cf  £1t  from  Cune-Wciss  behavior  in  the 
paraeiectnc  phase,  the  situation  is  more  complicated  along 
the  c  axis,  in  this  direction,  any  spatially  fluctuating  (and 
possibly  dynamically  inverting)  polar  microdomains  would 
be  perturbed  by  an  ac  measurement  field,  Eyy  and  thus  would 
significantly  contribute  to  the  macroscopic  dieiectnc  polar¬ 
izability  10  At  the  lowest  order  this  would  qualitatively  lead 
to  an  apparent  change  in  the  Cune-Weiss  behavior  of  a3 
( Eqs.  ( 6 )  and  ( 8 )  J ,  with  the  higher  order  terms  contnbut- 
ing  to  the  measured  dielectric  behavior  by  a  considerabl* 
smaller  amount.  By  inference  from  the  discussion  of  ferro¬ 
electric  stability  given  above,  this  contribution  from  fluctu* 
ating  microdomatns  would  necessarily  extrapolate  well  into 
the  ferroelectnc  region  below  Tc.  Further  support  for  this 
hypothesis  is  provided  by  millimeter-wave  measurements, 
which  show  anomalous  c-axis  dieiectnc  losses  at  room  tem¬ 
perature  which  diminish  on  further  cooling  to  77  K.7J7 

VM.  CONCLUSIONS 

The  experimental  data  for  ferroelectnc  SBN  60  show 
that  for  a  more  realistic  fitting  of  the  data,  the  Taylor  sems 
expansion  of  the  Gibbs  free  energy  must  be  taken  out  to  at 
least  the  eighth  power  of  the  polanzation,  and  that  the  coeffi 
cicnts  of  terms  up  to  the  sixth  power  must  be  taken  as  func¬ 
tions  of  temperature.  This  phenomenological  description 
should  provide  a  foundation  for  future  compansons  with 
other  compositions  in  the  bronze  crystal  family,  and  may 
also  assist  in  uncovering  potentially  anomalous  ferroelectric 
behavior  in  materials  which  otherwise  may  appear  to  have 
well-behaved  dielectric  and  polanzation  properties.  It  is 
noteworthy,  however,  that  a  more  classical  sixth-order 
phenomenology  with  temperature  in  varan  t  higher  order  co¬ 
efficients  soil  provides  a  useful,  approximate  descnption  for 
many  <>!  the  measured  properties, and  has  proven  particu¬ 
larly  cllective  for  comparisons  with  other  crystal  families.3* 

I  he  extended  eighth-order  phenomenology  is  that  of  a 
simple  proper  crystalline  ferroelectric.  The  highly  regular 
Ixrhavmr  of  the  phenomenology  suggests  that  this  descnp¬ 
tion  is  iKrrfcctly  adequate  to  account  for  the  observed  ferro¬ 
electric  pro |>er ties  m  SUN  60  \  lowcvcr,  there  has  been  some 
'uggestioi:  that  SUN  may  bean  incommensurate  phase  tran- 
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$mon  ferroelectric  *  Although  (he  present  phenomenology 
docs  noc  preclude  such  a  possioiluy  neither  Joes  a  Nuggest  it 
since  the  computed  energy  state<  'cmam  ao^oluiely  stable 
over  the  entire  temperature  range  In  either  ^osc.  the  pheno¬ 
menology  should  prove  useful  in  developing  a  much  clearer 
theoretical  description  for  the  ferroelectric  oena vior  in  SBN 
crystals,  and  perhaps  for  other  bronze  en> Mai  systems  as 
well. 
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Composition  and  Temperature  Dependence  of  the 
Dielectric,  Piezoelectric  and  Elastic  Properties 

of  Pure  PZT  Ceramics 

Z.  Q.  ZHUANG,  MICHAEL  J.  HAUN.  SEI-JOO  JANG,  and  LESLIE  E.  CROSS,  fellow  [eee 


Kbstnct—  Pure  (undoped)  piezoelectric  lead  zirconate  titanate  (PZT) 
ceramic  samples  at  compositions  across  the  ferroelectric  region  of  the 
phase  diagram  have  been  prepared  from  sol-gel  derived  8ne  powders. 
Excess  lead  oxide  was  included  in  the  PZT  powders  to  obtain  dense 
1 9S-96  percent  of  theoretical  density)  ceramics  with  large  grain  size 
i  >7  urn),  and  to  control  the  lead  stoichiometry.  The  dielectric,  piezo¬ 
electric.  and  elastic  properties  were  measured  from  4.2-300*  K.  Xt 
very  low  temperatures,  the  extrinsic  domain  wall  and  thermal  defect 
motions  “freeze  out.”  The  low  temperature  dielectric  data  will  be  used 
to  determine  coefficients  m  a  phenomenological  theory.  The  extrinsic 
contribution  10  the  properties  can  then  be  separated  from  the  single 
domain  properties  denved  from  the  theory. 

I.  Introduction 

PIEZOELECTRIC  lead  zirconate  titanate  (PZT)  ce¬ 
ramics  have  been  used  in  a  wide  range  of  applications 
since  the  1950’s  [l  J.  However,  the  growth  of  good  quality 
single  crystals  of  PZT  for  compositions  across  the  entire 
phase  diagram  has  not  been  accomplished.  Clarice  and 
Whatmore  [2]  have  described  the  previous  attempts  at 
growing  single  crystals  of  PbZrrTi!  _  tOy,  and  have  found 
that  crystals  of  reasonable  quality  can  be  grown  within  the 
ranges  1  >  x  >  0  84  and  0.25  >  x  >  0.  but  were  un¬ 
successful  for  values  of  x  between  these  two  ranges. 

Due  to  rhe  lack  of  PZT  single-crystal  data,  the  devel¬ 
opment  of  a  phenomenological  theory  of  PZT  has  been 
complicated  and  involved  indirect  methods  of  determin¬ 
ing  the  coefficients  of  an  energy  function  [3]-{5].  Addi¬ 
tional  experimental  data  is  needed  to  separate  the  sixth 
order  dielectric  stiffness  coefficients  [5].  Dielectric  con¬ 
stant  measurements  on  ceramic  samples  at  low  tempera¬ 
tures,  where  the  extrinsic  domain  wall  and  thermal  defect 
motions  •’freeze  out”  [61,  R,  may  provide  this  data. 

Pure  homogeneous  PZT  ceramic  samples  at  composi- 
•:cns  across  the  phase  diagram  have  been  prepared  from 
>ol-gel  denved  tine  powders.  The  low-temperature  di¬ 
electric.  piezoelectric,  and  elastic  properties  were  mea¬ 
sured  from  4  2-300  K.  The  procedure  used  to  prepare  the 
sol-gel  powders  and  ceramic  samples,  along  with  the  low 
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temperature  measurement  apparatus,  will  be  described  in 
the  next  section.  The  results  of  the  measurements  will  then 
be  discussed. 

II.  Experimental  Procedure 

A  sol-gel  method  similar  to  the  procedure  described  in 
[8]  was  used  to  prepare  PZT  compositions  with  four  to 
eight  mole  percent  excess  lead  oxide,  depending  on  the 
composition.  The  starting  chemicals  were  lead  acetate 
[Pb(C2Hj02)2  •  3H20],  titanium  isopropoxide 
(TifOCjHyJzl.  and  zirconium  n-propoxide  (ZrfOCjHvh). 

The  lead  acetate  was  dissolved  in  methoxyethanol 
(CjHgOj)  in  a  three  neck  reaction  flask.  To  remove  the 
adsorbed  water,  a  reflux  condenser  was  connected  to  the 
reaction  flask,  and  the  solution  was  heated  until  the  tem¬ 
perature  reached  125’C  tthe  boiling  point  of  methoxy¬ 
ethanol).  After  cooling  the  solution  to  75’C,  the  titanium 
isopropoxide  and  zirconium  n-propoxide  were  added,  and 
again  heated  to  125°C  to  drive  off  excess  methoxy¬ 
ethanol. 

The  solution  was  cooled  to  -253C  with  a  liquid  nitro¬ 
gen  isopropanol  bath.  The  water  for  hydrolysis  (4  moles 
HvO  per  mole  alkoxide)  was  first  mixed  with  an  equal 
amount  of  methoxyethanol,  and  then  added  to  the  cooled 
solution.  By  siowly  heatmg  the  flask  up  to  room  temper¬ 
ature  tor  higher  depending  on  composition),  the  solution 
gelled.  The  gel  was  then  heated  in  a  100°C  oven  for  one 
to  two  days  until  dry. 

The  dried  gels  were  calcined  at  800°C  for  one  hour. 
The  calcined  powders  were  then  ground,  and  pressed  into 
pellets  without  binder  under  a  pressure  of  50  000  psi.  The 
green  pellets,  with  four  to  eight  mole  percent  excess  lead 
oxide,  were  sintered  on  platinum  sheets  in  a  set  of  alu¬ 
mina  crucibles  with  a  lead  source  powder.  The  samples 
were  sintered  from  1000°C  to  1260°C  for  20-60  h  de¬ 
pending  on  the  composition.  The  sintered  ceramic  sam¬ 
ples  had  densities  of  95  to  96  percent  of  theoretical  den¬ 
sity.  and  average  gram  sizes  larger  than  7  ^m. 

X-ray  diffraction  patterns  of  the  calcined  powders 
showed  that  both  perovskite  PZT  and  lead  oxide  were 
present.  However,  after  sintering,  no  lead  oxide  diffrac¬ 
tion  peaks  could  be  detected,  indicating  that  the  excess 
lead  oxide  was  volatdlzed  during  sintering. 

The  ceramic  samples  were  sputtered  with  gold  elec¬ 
trodes,  and  poled  with  electric  fields  of  20-40  KV/cm 
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for  4-30  min.  The  piezoelectric  strain  coefficient  d 33  was 
then  measured  using  a  Beriincourt  Piezo -d33  meter  to  de- 
tenmne  the  completeness  of  poling.  The  poled  discs  were 
cut  into  bars,  cylinders,  and  discs  according  to  the  IRE 
Standards  [9]. 

The  apparatus  used  for  the  low  temperature  measure¬ 
ments  was  composed  of  an  Air  Products  and  Chemicals 
model  LT-3-110  cyrogemcs  system,  which  can  stabtly 
control  the  temperature  from  4. 2°  K  to  300°  K.  The  di¬ 
electric  and  resonance  properties  were  measured  on  a 
Hewlett  Packard  4270  A  automatic  digital  capacitance 
bridge  and  3585A  Spectrum  analyzer.  The  samples  with 
thermal-resistance  wire  attached  as  leads,  were  shielded 
in  a  copper  enclosure.  The  samples  were  first  cooled  down 
to  4  2°  K,  and  then  the  measurements  were  made  during 
heating  to  300°  K.  The  IRE  standard  method  (9]  for  pi¬ 
ezoelectric  resonance  measurements  was  used  for  the  cal¬ 
culations. 


III.  Results  and  Discussion 

The  dielectric  constant  measured  at  room  temperature 
and  1-kHZ  was  plotted  versus  composition  for  poled 
(measured  parallel  to  the  poling  direction)  and  unpoled 
ceramic  samples  m  Fig.  I .  The  peak  m  the  dielectric  con¬ 
stant  occurs  close  to  the  morphotropic  phase  boundary  be¬ 
tween  the  tetragonal  and  rhombohedral  phases  at  a  com¬ 
position  of  approximately  Pb(Zr0  j:Ti<M8)03.  By  poling 
the  samples  the  dielectric  constant  increased  and  de¬ 
creased  for  the  tetragonal  and  rhombohedral  composi¬ 
tions.  respectively. 

The  increase  of  the  dielectric  constant  when  poling  the 
tetragonal  samples  was  Drevtously  explained  (10]  as  being 
due  to  the  elimination  of  the  effect  of  compression  of  the 
180-degree  domains.  This  occurs  due  to  the  virtually 
complete  180-degree  domain  reorientation  along  the  pol¬ 
ing  direction,  and  dominates  the  decrease  m  dielectric 
constant  from  90-degree  domain  reorientation. 

For  the  rhombohedral  compositions,  the  dielectric  con¬ 
stant  decreases  when  poling  the  samples.  This  net  de¬ 
crease  occurs,  because  the  decrease  of  the  dielectric  con¬ 
stant  due  to  the  71  (109)  degrees  domain  reorientation 
dominates  the  effect  of  the  removal  of  compression  (10). 

The  dielectric  constant  and  dissipation  factor  for  sev¬ 
eral  PZT  compositions  measured  at  1-kHZ  are  plotted 
.ersus  temperature  in  Fig.  2.  The  dielectric  constants  of 
the  compositions  close  to  the  morphotropic  boundary 
showed  a  much  stronger  temperature  dependence  than  the 
compositions  away  from  the  boundary. 

Broad  peaKS  in  tne  dissipation  factor  versus  temperature 
were  tound  to  occur  at  225-250°  K  for  the  rhombohedral 
compositions  and  at  100-150°  K  for  the  tetragonal  com¬ 
positions.  The  different  activation  energies  for  domain 
wall  motion  in  the  tetragonal  and  rhombohedral  samples 
would  possibly  account  for  these  loss  peaks,  and  is  pres¬ 
ently  under  further  investigation.  The  PZT  52/48  com¬ 
position,  which  showed  coexistence  of  both  tetragonal  and 
mombohedrai  phases,  had  loss  peaks  in  both  temperature 
ranges. 
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Fig.  I  Dielectric  constant  for  poled  and  unpoied  ceramic  samples  at  roor 
temperature  plotted  versus  composition 
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Fig.  3  shows  the  temperature  dependence  of  the  cou 
pling  factors  k31  and  Jt33,  piezoelectric  strain  coefficients 
j31  and  d33,  elastic  compliance  coefficient  if,.  and  -'re- 
quently  constant  The  compositions  close  to  the  mor¬ 
photropic  boundary  again  showed  the  largest  temperature 
dependence. 

The  compositional  dependence  of  the  elastic  compli¬ 
ance  coefficient  rf,.  the  frequency  constant  Vj,,  Poisson's 
ratio  y,  and  mechanical  quality  factor  Qm  at  4  2  and  300 
K  are  shown  in  Fig.  4.  The  effect  of  the  morphotropic 
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t95  to  96  percent  of  theoretical  density)  ceramics  with 
large  grain  size  ( >  7  urn),  and  to  control  the  lead  stoichi¬ 
ometry  during  sintering. 

The  dielectric,  piezoelectric,  and  elastic  properties  were 
measured  from  4.2°  K  to  300°  K.  At  very  low  tempera¬ 
tures  the  domain  wall  aM  thermal  defect  motions  "freeze 
out.”  The  compositions  near  the  morphotropic  phase 
boundary  had  the  largest  temperature  dependence.  Di¬ 
electric  loss  peaks  were  found  to  occur  from  223°  K  to 
250°  K  for  the  rhombohedral  compositions,  and  from 
100°  K  to  150°  K  for  the  tetragonal  compositions. 
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Temperature  Behavior  of  Dielectric  and  Piezoelectric 
Properties  of  Samarium-Doped  Lead  Titans 

Ceramics 

J.  N.  KIM,  MICHAEL  L  HAUN,  SEI  J00  JANG,  LESLIE  E.  CROSS,  fellow,  ieee,  and  X.  R.  XUE 


Abstract— The  dielectric  and  electromechanical  coupling  properties 
of  Sm-  and  Mn-doped  PbTi03  ceramics  were  investigated  from  4 .2  to 
300*  K.  The  upper  and  lower  limits  of  the  ceramic  dielectric  and  pi¬ 
ezoelectric  properties  were  calculated  by  averaging  the  single-domain 
constants  that  were  determined  from  a  phenomenological  theory. 
Comparisons  of  the  measured  and  calculated  properties  were  then 
made.  The  measured  dielectric  permittivity  sfj  and  piezoelectric  strain 
coeffkient  d33  appear  to  oe  mainly  due  to  the  averaging  of  the  intrinsic 
single-domain  response.  The  large  piezoelectric  and  electromechanical 
anisotropies  present  in  modified  PbTi03  ceramics  also  appears  to  be 
an  intrinsic  property  of  the  material.  The  piezoelectric  coefficient 
as  well  as  the  planar  coupling  coefficient  k9t  were  found  to  have  very 
small  values  over  two  temperature  regions,  from  120  to  170°  K  and 
from  240  to  270*  K. 


Introduction 

ODIFIED  PbTiOi  ceramics  that  show  large  aniso¬ 
tropic  piezoelectric  coupling  at  room  temperature 
were  recently  reported  [l]-[4].  The  temperature  behavior 
of  the  piezoelectric  properties  of  Sm-  and  Mn-doped 
PbTi03  were  also  investigated  [5].  It  is  interesting  as  well 
as  important  to  understand  why  these  modified  PbTi03 
ceramics  have  such  a  large  anisotropic  electromechanical 
coupling  property. 

In  this  study,  the  dielectric  properties,  <3r3  and  tan  6,  and 
electromechanical  coupling  properties,  <f31,  d33,  kp,  and 
k„  of  10  mole  percent  Sm-  and  2  mole  percent  Mn-doped 
PbTi03  ceramics  were  investigated  from  4.2  to  300°  K. 
At  low  temperatures,  the  thermally  activated  contribu¬ 
tions  to  the  dielectric  and  coupling  properties  “freeze 
out.”  These  contributions  will  be  referred  to  as  extnnsic 
contributions.  The  observed  temperature  behavior  of  the 
material  properties,  e(3,  <i33  and  d3 were  compared  with 
predicted  upper  and  lower  limits  of  the  ceramic  properties 
[6]  that  were  calculated  by  averaging  the  single-domain 
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single  crystal  constants  determined  from  a  phenomeno¬ 
logical  theory  of  PbTi03  [7],  These  predicted  properties 
will  be  referred  to  as  the  intrinsic  contribution  to  the  ce¬ 
ramic  properties.  The  unusually  small  values  of  piezo¬ 
electric  coefficient  i3(  were  also  explained  according  to 
the  recent  results  of  Damjanovtc  ei  al.  [9],  [10], 

Experimental  Procedure 

The  composition  investigated  m  this  study  *vas 
iPb0  ;j5Smi)  10)(Ti0  98Mnou2j03-  Reagent  grade  oxides. 
PbO,  Sm303,  TICK,  and  MnO  were  mixed  and  milled  tor 
six  hours  using  zirconia  balls,  then  dried  and  calcined  in 
a  closed  alumina  crucible  at  900°C  for  1  h.  The  calcined 
powder  was  pressed  in  a  die  at  5000  psi  to  form  green 
disks.  These  disks  were  fired  at  1200°C  for  1  h  in  a  closed 
crucible  with  a  lead  source.  The  final  density  of  the  ce¬ 
ramic  samples  was  better  than  95  percent  of  the  theoreti¬ 
cal  value.  Disks  were  cut  to  several  different  shapes  and 
dimensions  to  measure  the  dielectric  and  electromechan¬ 
ical  coupling  coefficients.  Reshaped  samples  were  elec- 
troded  with  sputtered  gold  and  poled  in  silicone  oil  with 
a  field  of  60  kV/cm  applied  for  5  min  at  150°C.  All  of 
the  samples  satisfied  the  dimensional  requirements  of  the 
IRE  standards  on  piezoelectric  crystals  [8].  The  sampU 
were  carefully  connected  with  very  fine  silver  wire  and 
suspended  in  a  vacuum  tn  an  in-house  made  holder  on  an 
At  Products  and  Chemicals  Model  LT-3-110  cryogenics 
system.  The  dielectric  properties  were  measured  on  a 
Hewlett  Packard  automatic  capacitance  bridge  model 
4270A.  The  electromechanical  coupling  properties  were 
investigated  by  the  resonance  method  using  a  Hewlett 
Packard  spectrum  analyzer  model  3585 A.  The  planar  and 
thickness  resonance  frequencies  were  approximately  262 
and  295  kHz.  respectively,  due  to  the  sample  geometries. 

Results  and  Discussion 

Two  samples  with  the  same  composition  and  fabricated 
by  the  same  procedure  were  studied.  The  relative  dielec¬ 
tric  permittnvty  e[3  and  dissipation  factor  tan  <5  were  mea¬ 
sured  at  1  kHz  from  4.2  to  300°  K.  These  measurements 
are  plotted  in  Fig.  1(a)  and  1(b). 

The  dielectric  permittivity  of  ceramic  PbTi03  was  cal¬ 
culated  using  senes  and  parallel  models  <n  [6].  These  cal¬ 
culations  were  adjusted  by  shifting  the  Cune  temperature 
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7\  to  300°C  to  match  that  of  the  samples  fabricated  in  this 
study  In  Fig.  1(a).  the  experimental  and  theoretical  per¬ 
mittivities  are  compared.  At  low  temperatures  where  the 
extrinsic  contributions,  such  as  thermally  activated  do¬ 
main  wall  and  defect  motions,  have  ‘frozen  out,”  the 
agreement  is  fairly  good  As  the  temperature  is  increased, 
mly  a  small  difference  develops  between  the  expenmen- 
ral  and  theoretical  permittivities,  indicating  that  the  po- 
'anzability  is  still  largely  due  to  the  intrinsic  averaging  of 
the  single-domain  response. 

The  dielectric  loss  measurements  are  shown  in  Fig. 
!'bt  Below  about  50°  K  the  loss  decreases  very  rapidly, 
•vhich  suggests  that  the  thermally  activated  contributions 
to  the  dielectric  properties  freeze  out  quickly  at  low  tem¬ 
peratures. 

The  measured  piezoelectric  coefficients,  J33  and  <i3l,  are 
•mown  in  Figs  2(a)  and  2(b)  along  with  the  calculated 
jpptr  and  lower  limits  of  the  intrinsic  ceramic  piezoelec - 
rnc  coefficients  These  calculations  were  made  by  shifting 
f he  Curie  temperature  to  300°C,  as  was  done  with  the 
dieiectnc  data,  using  the  results  of  [6].  The  expenmental 
data  falls  between  the  predicted  upper  and  lower  limits 
with  a  similar  temperature  dependence.  This  indicates  that 
rhe  measured  d33  is  mostly  due  to  the  intnnsic  single  do¬ 
main  response. 

The  til,  measurements  also  fall  between  the  predicted 
upper  lower  limits,  except  over  two  temperature  regions, 
from  120  to  170°  K  and  from  240  to  270°  K.  Over  these 
'emperature  regions,  the  resonance  spectrum  displaced 
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upon  the  HP  3585A  analyzer  was  too  weak  to  measure, 
as  shown  m  Fig.  3.  with  the  resonance  at  300°  K  tor  com¬ 
parison.  This  suggests  that  the  IRE  standard  method  may 
not  be  adequate  near  these  two  temperature  regions. 

The  exceedingly  small  frequency  differences  between 
parallel  ( fp)  and  senes  (/,)  resonances  may  not  be  close 
enough  to  the  differences  between  the  maximum  ( f„ )  and 
minimum  (fm)  impedance  frequencies.  The  vector  imped¬ 
ance  method  is  more  accurte  in  obtaining  greater  preci¬ 
sion  in  the  case  of  immeasurably  small  resonance  regions 
like  these. 

Damjanovic  et  al.  (9],  ( 10]  used  this  method  to  measure 
the  complex  values  of  the  material  constants  id*,  s*.  and 
e*)  They  found  that  the  real  part  of  the  d3l  coefficient 
changes  sign  and  becomes  positive  at  high  temperatures. 
This  result  is  illustrated  in  the  insert  in  Fig.  2(b)  by  tne 
dashed  curve  (note  that  the  negative  d3,  is  plotted)  The 
sign  of  J3|  could  not  be  measured  using  the  resonance 
method  in  this  study,  and  therefore  was  not  assumed  to 
change  sign  at  7\  However,  a  change  in  sign  would  ac¬ 
count  for  the  immeasurably  small  resonance  region  at  T: 
Damjanovic.  et  al.  (10]  also  found  that  below  7\  the  J3, 
coefficient  formed  a  peak  iwhen  plotting  the  negative  J3, 
as  in  Fig.  2lb>.  this  would  be  a  minimum  with  a  value 
approaching  zero)  at  about  125°  K.  This  behavior  prob¬ 
ably  accounts  for  the  small  resonance  region  at  Tt. 
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rig  3  Admittance  plotted  versus  frequency  at  300®  K  (curve  I)  and  at 

temperature  within  temperature  regions  where  resonance  was  too  weak 

to  measure  (curve  2). 

The  change  in  sign  of  the  d 31  coefficient  at  T2  to  positive 
values  at  high  temperature  was  explained  by  Damjanovic 
et  al.  [10]  as  being  due  to  the  positive  extrinsic  contri¬ 
butions  that  dominate  the  negative  intrinsic  contribution. 
This  appears  to  be  possible,  since  the  intrinsic  is  very 
small.  In  [6],  the  small  values  of  the  d31  coefficient  and 
thus  large  piezoelectric  anisotropy  (d2i/d2l)  of  PbTi03 
ceramics  were  shown  to  be  due  to  the  intrinsic  averaging 
of  the  single-crystal  eiectrostnctive  constants.  The  pos¬ 
sibility  of  a  change  in  sign  of  the  intrinsic  d2l  due  to  a 
slight  variation  in  the  single-crystal  eiectrostnctive  ani¬ 
sotropies  ( Qn/ Qn  and  Qu/ Qn)  was  also  demonstrated. 

The  planar  coupling  coefficient.  kp,  is  plotted  as  a  func¬ 
tion  of  temperature  in  Fig.  4(a).  In  two  temperature  re¬ 
gions,  as  discussed  for  d2\,  kp  becomes  extremely  small. 
The  thickness  coupling  coefficient,  k.,  is  weakly  depen¬ 
dent  on  temperature  and  has  a  value  of  about  46  percent. 
Fig.  4(b)  shows  the  ratio  k,/kp  plotted  versus  tempera¬ 
ture.  This  ratio  becomes  very  large  in  two  temperature 
regions,  120  to  170°  K  and  240  to  270°  K.  These  large 
electromechanical  anisotropies  indicate  that  this  matenal 
would  be  useful  in  ultrasonic  transducer  applications. 
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erties.  The  generally  large  piezoelectric  and  electrome¬ 
chanical  anisotropies  present  in  modified  PbTiOi  ce¬ 
ramics  appear  to  be  an  intrinsic  property  of  the  matenal 
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Conclusion 

The  relative  dielectnc  permittivity,  €3^,  of  the  modified 
PbTiO?  ceramics  fabricated  in  this  study  appears  to  be 
largely  due  to  the  averaging  of  the  intnnsic  single-domain 
response.  The  calculated  values  of  the  upper  and  lower 
limits  of  the  ceramic  permittivity  agree  fairly  well  at  low 
temperatures  with  the  measured  values,  and  only  a  small 
difference  develops  as  the  temperature  increases.  The  pi- 
ezoelectnc  d2i  and  thickness  coupling  k,  coefficients  are 
weakly  dependent  on  temperature  and  have  values  of 
about  30  x  10'1'  C  /  N  and  46  percent,  respectively.  The 
planar  coupling  kp  and  piezoelectnc  d2x  coefficients  ex¬ 
hibit  very  interesting  temperature  behaviors.  In  two  tem¬ 
perature  regions,  from  120  to  170°  K  and  from  240  to 
270°  K  (or  T,  and  T2  in  Fig.  2(b)),  |dj(|  and  kp  become 
too  *mall  to  measure  using  the  resonance  method. 

Damjanovic  et  al.  [9],  [10]  used  a  vector  impedance 
method  and  found  that  the  J2{  coefficient  changes  sign  at 
7*.  to  positive  values  at  high  temperatures.  The  luw  values 
of  the  !d3i|  at  were  found  to  be  due  to  a  minimum  in 
the  l^d  that  occurs  in  this  temperature  region. 

The  values  of  the  measured  di2  and  coetficients  were 
within  the  predicted  upper  and  lower  bounds  that  were 
calculated  by  averaging  the  intnnsic  single-domain  prop- 


The  authors  wish  to  thank  D.  Damjanovic  for  the  val¬ 
uable  discussions. 

References 

[1]  H  Takeuchi,  S.  Jyomura.  E.  Yamamoto,  and  Y  Ito.  ‘Elecirome 
chanicai  properties  of  (Pb.Ln)(Ti,Mn)0,  ceramics  (Ln  =*  rarr 
earths). ”  J  Acout .  Soc.  Am . ,  voi.  72.  no.  4,  pp  U4-12U.  1982 

[2]  T  Takahashi  and  Y  Yamashita,  Anisotropic  piezoeiecmc  pruoc- 
ties  of  modified  Lead  Titanate  ceramics,  *  Proc.  Second  U  S.  Japoh 
Seminar  on  Dielectric  and  Ptezoeleanc  Ceramics.  Williamsburg,  V  a. 
vol.  1.  1984,  pp.  20-25. 

[3]  H  Takeuchi  and  S.  Jyomura.  Piezoelectnc  *eramics  *uh  uige 
electromechanical  anisotropy,  ”  Proc.  Second  U  S..  Japan  Seminar 
jn  Dielectnc  and  Piezoelectnc  Ceramics.  Williamsburg,  V voi  4. 
1984.  pp.  324-329 

[4]  H  Takeuchi,  S  Jyomura.  and  C  Nakaya.  New  piezoeiecmc  mu 
tenaJs  for  ultrasonic  transducers.  ’  Jpn  j  ippl.  Ph\s.,  voi.  24.  >uppi 
24-2.  pp.  35—40,  19  85. 

[5]  X  R  Xue,  J  N  Kim,  S.  J  Jang,  L.  E.  Cross,  and  R  E.  Newnnam 

Temperature  behavior  of  dielectnc  and  electromechanical  *oupi.ng 
properties  of  samanum  modified  Lead  Titanate  ceramics.  Jpn  J 
■{ppl.  PH\s . .  vol  24,  suppl.  24-2.  pp.  718-720.  1985 

[6j  M  J  Haun,  E.  Furman.  S.  J  Jang,  and  L.  E.  Cross.  Modeling  ot 
:he  eiectrostnctive,  Jieiccmc  and  piezoelectnc  properties  or  veratTu^ 
PbTiO>,"  IEEE  Trans.  Ultrason.  ferroelect .  Freq.  Contr  ,  vol  36 
no  4,  pp.  393-401,  July  1989 

[7)  M  J  Haun.  E.  Furman.  S.  J  Jang.  H.  A.  McKinstry.  and  L  E 
Cross,  Thermodynamic  theory  of  PbTiO,.  *  y  AppL  PHvs  .  *oi  o2. 
no  3.  pp  3331-3338.  1987 

[81  IRE  standards  on  piezoelectnc  crystals:  Measurements  of  piezo- 
eiectnc  ceramics,  1961,  Proc.  IRE ,  vol.  49.  pp.  W61-U69,  i9bi 


392 


IEEE  TRANSACTIONS  ON  ULTRASONICS.  FERROELECTRICS.  AND  FREQUENCY  CONTROL.  VOL  ;s  SO 


1  ILLY  !Q*(> 


(9)  D  Damjanovic.  T  R  Gururaja.  S  i  iang.  and  L.  E  Cross.  ‘Tem¬ 
perature  behavior  of  the  complex  piezoelectric  coefficient  in  mod¬ 
ified  Lead  Titanate  ceramics/*  Mater  Lett.,  voi  4,  pp,  414-419. 
Sept.  1986. 

[10]  D  Damjanovic.  T  R.  Gururaja.  S  I  iang.  and  L.  E.  Cross.  “Pos- 
5, ole  mecnanisms  for  the  eiectromechanicai  anisotropy  in  modified 
Lead  Titanate  ceramics.”  tn  Proc  IEEE  Ultrason.  Symp..  Williams¬ 
burg.  VA.  Nov  1986  m  press. 


Sei  Joo  Jang  received  the  B  S  degree  .n  eiecr- 
cal  engineenng  from  Sogang  University  w.i 
Korea,  tn  1973.  the  M.S.  degree  n  pnysics  trom 
Boston  College.  Boston.  MA.  m  1976.  jnd  m 
Ph.D.  degree  m  solid  state  science  trom  the  pCnr,C 

sylvama  State  University.  University  Park  Pa 

1979 

He  svas  a  member  of  me  Tecnnical  Star? 

'mnciton 


AT&T  Engineenng  Research  Center  P 


NJ.  from  1979  to  1983  Currently  ne  ,'s  a  Sw,or 
Researcn  Associate  with  the  Materials  Research 
Laboratory  at  the  Pennsylvania  Slate  University  ‘  ’ 

Dr  Jang  is  a  member  of  the  Amencan  Ceramic  Society  and  the  Om.r  i 
Society  of  Amenca.  ^  cal 


J.  N.  Kim  received  the  Ph.D  degree  tn  physics  from  the  Pusan  University, 
Pusan.  Korea. 


Michael  J.  Haun  was  bom  on  November  30.  1958 
in  Baltimore.  MD  He  received  the  B.S  degree  in 
ceramic  engineenng  from  Clemson  University. 
Clemson.  SC.  tn  1980.  the  M.S.  degree  in  ce¬ 
ramic  science  from  the  Pennsylvania  State  Uni¬ 
versity,  University  Park.  PA.  in  19S3.  and  cur¬ 
rently  is  working  towards  the  Ph.D  degree  in  solid 
state  science  at  the  Pennsylvania  State  University 
His  research  has  involved  the  development  of 
a  phenomenological  theory  of  perovskne  ferro- 
electncs  and  antiferroelectncs  accounting  for  ox- 
-gen  octahedral  tilting  and  tncntical  behavior.  lattice  parameter  determi¬ 
nation  using  high  temperature  X-ray  diffraction.  >ol-gel  processing,  low 
emperature  entering  and  dielectric  property  measurements  of  rctaxor  ter- 
meiectncs  ror  multilayer  capacitors,  and  fabrication,  evaluation,  and  the- 
reucal  modeling  at  piezoelectric  vomposites  tor  hydrophone  applications. 

Mr  Haun  is  a  member  ot  the  Amencan  Ceramic  Society 


Leslie  E.  Cross  (SM’79-F*S4)  was  bom  on  au. 
gust  14.  1923  in  Leeds.  England.  He  received 
3  Sc.  and  Ph  D  degrees  in  physics  from  Leeds 
University.  Leeds.  England,  m  1948  and  t9s? 
respectively. 

He  is  an  Evan  Pugh  Professor  of  eiectncal  en- 
gineenng  and  Director  ot  me  Matenals  Research 
Laboratory  at  the  Pennsylvania  State  University 
University  Park.  PA.  Prior  to  joining  the  P-nni 
sylvania  State  University  in  1961  he  held  posi¬ 
tions  with  Leeds  University  as  Lecturer  a948- 
1951)  and  as  Research  Associate  1 1954- 1961 ).  His  research  interests  .n~ 
elude  ferroelectric  matenals  and  ferrate  phenomena;  dielectric,  piezoelec¬ 
tric.  and  pyroelectnc  crystals,  ceramics  and  composites;  electronic  ce- 
ramies  and  their  applications,  elcctrostnction  and  phase  transitions. 

Dr.  Cross  is  a  member  of  the  National  Academy  of  Engineenng  and  a 
Fellow  of  the  Amencan  Institute  of  Physics,  the  Amencan  Ceramic  Soci¬ 
ety.  and  the  Amencan  Optical  Society. 


W.  R.  Xue  graduated  from  the  Department  ot  Sil¬ 
icate  Engmeenng  at  Nanjing  institute  ot  Chemical 
Technology  in  I960,  His  research  interests  are  m 
the  area  of  the  femtes.  ferroelectncs.  and  me¬ 
chanical  properties  of  oxides.  He  was  a  Visiting 
Scientist  from  1982  to  1984  at  me  Matenais  Re- 
>earch  Laboratory  at  Pennsylvania  State  Univer¬ 
sity.  Umventy  Park.  PA  He  ,s  currently  an  As¬ 
sociate  Professor  and  eader  ot  the  Matenais 
Science  Group  at  ffie  Nanjing  institute  of  Chemi¬ 
cal  Technology.  People  >  Repuoiic  ot  China. 


APPENDIX  35 


C-280 


Communications  of  the  American  Ceramic  Society 


J.  Am.  Ceram.  Soc..  71  (51  C-280-C-282  (1988) 

Sol-Gel  Processing  of  Lead  Titanate  in 
2-Methoxyethanol:  Investigations  into 
the  Nature  of  the  Prehydrolyzed  Solutions 

Thomas  W  Dekleva,'  James  M.  Hayes,  Leslie  E.  Cross,*  and 
Gregory  L.  Geoffroy 

Materials  Research  Laboratory  and  Department  of  Chemistry.  The  Pennsylvania  State  University. 
University  Part.  Pennsylvania  16802 

A  previously  developed  system  for  the  sol-gel  processing  of  lead  titanate  powders 
and  films  has  been  analyzed  by  a  variety  of  spectroscopic,  chromatographic,  and 
wet-chemical  means.  The  results  indicate  that  refluxing  Pb(OAc)zm3HiO  in 
2-methoxyethanol  is  accompanied  by  the  volatilization  of  0.5  equiv  of  organic 
acetate  and  results  in  solutions  containing  what  is  believed  to  be  anhydrous  basic 
lead  acetate.  3Pb(OAc)yPbO  This  *ias  been  isolated  as  its  monohydrate .  which 
has  been  fully  characterized  by  elemental  (C,  H,  Pb).  infrared,  H  \rMR.  andXRD 
analyses .  The  anhydrous  salt  generated  in  situ  reacts  further  with  TUOR)*  under 
refiux  conditions  to  liberate  more  organic  acetates.  The  final  stoichiometries 
; one  volatilized  acetate  per  lead)  tend  to  preclude  the  possibility  that  signifi¬ 
cant  amounts  of  polymeric  intermediates  are  generated.  Analyses  of  the  organic 
volatiles  also  indicate  that ,  at  least  under  our  conditions ,  significant  trans¬ 
alcoholysis  of  the  precursor  TiiORU  (R-Et,  i-Pr,  n-Pr )  occurs  (80%  to  90% 
replacement).  The  conclusions  and  consequences  of  these  and  related  observations 
are  presented . 


COL-GEL  processing  ts  one  of  several 
^methods  currently  under  investigation 
for  the  preparation  of  electronic  and  high- 
technology  ceramic  materials.  Because  of 
the  intrinsic  nature  of  the  synthetic  schemes 
available,  this  type  of  processing  offers  sig¬ 
nificant  advantages  such  as  higher  punry, 
molecular  homogeneity,  reduced  proccss- 
*ng  temperatures,  and  unique  fabrication 
opportunities  over  conventional  processing 
methods.’ : 

The  chemistry  of  the  gelation  step  nor¬ 
mally  involves  the  controlled  hydrolyses  of 
single-component  or  multicomponent 
alkoxides  to  form  a  three-dimensional  net¬ 
work  of  metal-oxygen  linkages.  Part  of  the 
versatility  of  this  technique  arises  from  the 
fact  that  the  soluble  inorganic  salts  can  be 
incorporated  into  these  networks,  by  either 
actual  chemical  reaction  or  simple  entrap¬ 
ment  m  the  gelled  matrix.  Several  groups 
have  recently  taken  advantage  of  the  solvat¬ 
ing  ability  of  Z  mcthoxyethanol  (2  MOE) 
to  develop  synthetic  schemes  for  the  pre¬ 
parations  of  a  senes  of  lead-containing  per- 
ovskite  materials  m  the  lead  lanthanum 
zircor.ate  titanate  system3”4  using  lead  ace¬ 
tate,  Pb(OAc)2'3HjO.  as  the  precursor. 

Several  points  in  these  reports  at¬ 
tracted  our  attention.  For  example,  in  the 
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lead  titanate  (PT)  system,  Curkovich  and 
Blum4”*  reported  that  the  reaction  between 
Pb(OAc)2  (which  was  dehydrated  in  situ  by 
refluxing  the  hydrated  salt  in  2-MOE)  and 
Ti(0-i-Pr)4  in  refluxing  2-MOE  results  in 
liberation  of  an  unquantified  amount  of  iso¬ 
propyl  acetate.  On  this  basis,  they  proposed 
a  condensation  reaction  between  these 
components  which,  though  not  cited  as 
such,  was  completely  analogous  to  crans- 
estenfication  reactions  involving  bulky  or¬ 
ganic  acetates,9  for  example 

M(OR).+xCH3COOR' - ► 

M(OR)„-,  (OR'),  -  rCHjCOOR  ( 1 ) 

where  M  =  Ti,  Nb;  /i»4,  5;  R'  =  r-Bu, 
Pb(OAc).  They  also  speculated  that  the 
prehydrolyzed  solutions  contained  etthcr 
bt-  or  tnmetallic  structures,  for  example 

OR 

RO-Ti-O-Pb(OAc) 

I 

OR 

l 


OR  OR 

I  ! 


OR  OR 
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RO—  Ti-O-Pb-OR' 

I 
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However,  they  favored  structure  II.  Their 
rationale  for  this  favored  structure  was 
based  on  the  apparent  low  volatility  and 
high  viscosity  of  the  sol.  These  same  prop¬ 
erties  suggested,  to  us,  the  polymeric 
structure 

OR 

I 

--Ti-O-Pb-O-- 

T  i  T 

OR  In 

IV 

The  subject  of  inorganic  polymers  is  cur¬ 
rently  of  great  interest  to  the  chemical 
community  11  Therefore,  we  turned  our 
attention  toward  attempting  to  differen¬ 
tiate  these  two  possibilities.  To  do  this, 
an  analytical  method  was  developed  for 
the  analyses  of  the  volatile  organic  com¬ 
pounds  released  during  the  course  of  these 
preparations. 

In  doing  this  work,  we  have  also  had  the 
opportunity  to  address  a  second  question 
more  related  to  processing  of  these  types  of 
compositions.  Payne  and  co-workers  *  re¬ 
ported  that  DTA  curves  for  PT-precursor 
powders  derived  from  Ti(O-i-Pr)*  differed 
from  those  derived  from  Ti(O-n-Pr)*.  the 
former  exhibiting  a  single  sharp  exotherm 
of  =*300JC,  whereas  the  latter  exhibited  ad¬ 
ditional  exotherms  at  higher  temperatures 
430°  and  500°C),  depending  on  the  extent 
of  hydrolysis.  Film  morphologies  report¬ 
edly  also  showed  differences  The  obser¬ 
vations  were  interpreted  as  being  due  to  the 
different  organic  groups  present.  However, 
TnORL  complexes  are  kne^g  to  undergo 
llcoho!  exchange  reactions.  ^ id,  in  .>uch 
systems,  the  established  equilibria  are 
driven  to  completion  by  removal  of  the 
more  volatile  alcohol  (ROH) 

Ti(0R)*-4R'0H^=:ri(0R')4-4R0H 

(2) 

In  this  case,  the  boiling  points  of  pure 

1- PrOH  (82.4°0  and  n-PrOH  (97  4°C)  are 
much  lower  than  that  of  2-MOE  ( 124  6°C). 
Condensation  of  expected  azeotropic  mix¬ 
tures  should  allow  for  efficient  removal  of 
the  more  volatile  alcohol,  and  a  pnon  ex¬ 
pectations  would  predict  that  under  the 
reaction  conditions,  complete  or  near- 
complete  trans-alcoholysis  would  have 
transformed  both  Ti(0R)4  precursors  into 
the  same  species,  namely  Ti(OR')4  (where 
R'  is  the  alkyl  group  of  the  solvent  al¬ 
cohol).  Because  the  differences  in  the  re¬ 
ported  DTA  curves  and  film  morphologies 
suggested  that  this  was  not  the  case,  we 
considered  it  necessary  to  determine  how 
efficiently  the  volatiles  were  removed  in 
these  reactions.  Preliminary  data  are  pre¬ 
sented  here. 

Experimental  Procedure 

The  chemicals  Pb(OAc)j-3HiO,* 
Ti(0Et)4/  Ti(0-t-Pr)4/  Ti(0*n-Pr)4/  and 

2- methoxyethanol*  were  used  as  supplied. 
Manipulations  with  the  moisture-sensitive 
Ti(OR)4  complexes  were  done  under  an- 
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Pb(0Ac):-3H,0 
j  •  in  2-MOB 

1  *  heat  (o  I23°C,  fraction  I 
gold  solution 

j  *10  equiv  Ti(OR)* 

I  •  to  !23°C,  fraction  2 
yellow,  gold  solution 
1  dilute  to  \M  to  2M 
!  ■  cool  to  -20®  to  -25*C 
j  *  hydrolyze  (4  H:0/Ti) 

1  ■  w'aim  to  room  temperature,  <30  mm 
transparent  gel 

Idry  under  high  vacuum 
*  fraction  3 
*  grind,  sieve 
PT- precursor  powder 

Fig.  I.  Sol-gel  preparation  of  PbTiOr 
p recursor  powder. 


hydrous  conditions;  however,  only  the 
Ti(O-f-Pr)*  was  assayed  gravimemcally. 

Gas-liquid  chroma  to  graphic  analyses 
of  the  organic  volatiles  were  made  using  a 
gas  chromatograph*  equipped  with  a  flame 
intensity  detector,  using  a  6  ft  ( 1  8  m)  by 
0. 125  in.  (0  32  cm)  column.1 

The  column  temperature  was  pro¬ 
grammed  to  increase  from  70°  to  220°C  at 
12°C/min.  In  the  cases  where  EtOAc  was 
liable  to  be  present,  partial  overlap  of  the 
EtOAc  and  2-MOE  peaks  necessitated  that 
a  slower  temperature  ramp  be  employed 
initially,  [n  these  cases,  the  column  was 
heated  at  either  2°  or  4°C/min  for  the  first 
12  to  13  min  (unul  the  2-MOE  peak  was 
completely  removed).  Even  so,  partial 
overlap  still  existed,  making  quantification 
difficult.  Samples  for  analyses  were  pre¬ 
pared  using  toluene  or  m-xylene  as  the  in¬ 
ternal  standard.  Errors  in  the  reported 
values  are  estimated  to  be  5%  to  8% 

Infrared  spectra  were  obtained  on 
a  Fourier  transform  spectrometer ** 
<-4cm’*)  using  samples  prepared  as 
KBr  pellets. 

Solutions  and  gels  leading  to  the  for¬ 
mation  of  PT  were  prepared  by  a  procedure 
which  was  a  modification  (Fig.  1)  of  that 
given  by  Gurkovich  and  Blum.4  We  made 
five  modificauons:  (a)  The  reaction  scale 
was  reduced  (Table  I)  so  that  the  initial  sol¬ 
vent  volumes  varied  from  75  to  300  mL. 
<b)  The  extent  of  heating  was  governed  by 
the  temperature  of  the  vapor  condensing  in 
the  still  head  of  a  standard  distillation  as¬ 
semblage  and  not  only  by  the  temperature 
of  the  solution  The  reacuon  solutions  were 
heated  until  the  temperature  of  the  condens¬ 
ing  vapors  reached  that  found  for  pure 
2-MOE  (under  our  conditions,  this  was 
found  to  be  122°  to  1230O;  under  these 
conditions,  solution  temperatures  rarely  ex¬ 
ceeded  135°C.  (c)  The  final  concentrations 
of  lead  and  utamum  in  the  prchydrolyzed 
solutions  ranged  arbitrarily  from  LVf  to 


‘Aeropipb  Sena.  Vtxun  Uumimeai  Croup.  Piio 
Alto.  CA. 

♦Model  80/1000tffcop*ck  C/0  1%  SP  1000,  Sup- 
eJco.  loc..  Bellefoote,  PA. 

••Model  [R-32,  IBM  Irucrurocna,  be.,  Dinbury. 

cr. 


Table  I.  Summary  of  the  Quantification  of  the  Volatile  Organic  Constituents  Formed 
During  the  Syntheses  of  PT-Precursor  Powders 


Experiment* 

Concn 

uM) 

Charged 

Pb(OAc>5  3H,Of  fmmol) 

Recovered1  fmmol) 

Total  Pb*  i 

mmoi/mmoi) 

ROH 

ROAc 

R'OAc 

Alcohol 

Aceuic 

PT  (Et)s* 

0.13 

17  34 

53  25 

0 

14.62 

3  07 

0  84 

PT  (Et)a 

4.0 

47.77 

105  61 

16.97 

37  60 

2  65 

I  14 

PT  (i-Pr) 

0.15 

17.11 

63  66 

0 

6  85 

3  72 

0  40 

PT  (i-Pr) 

4  3 

42.52 

114  58 

18.26 

15  78 

3  36 

1  04 

PT  (/i-Pr) 

0  14 

18  38 

67  96 

0  48 

14  48 

3  72 

0  81 

PT  (/i-Pr) 

4.4 

43.63 

100.75 

28.14 

15.10 

2.95 

0  99 

PbO’ 

25.9 

13.5 

0.5 

PbO** 

26.3 

14  1 

05 

Ti02 

18.4Tt 

65 

3.5 

Him  J  1 

•Designations  m  parentheses  give  nature  of  R  group  in  Ti(0R)4  precursor  'Except  for  final  three  enrnes.  reaction 
stoichiometry  Pb(0Ac)23H20,  TuOR)4»l, 1.  so  that  mmol  of  Pb<OAc)2  3H:0*mmo4  of  TuOR>4.  R  corresponds  to 
organic  moiety  associated  with  Ti(OR)4  precursor  (given  in  parentheses  in  column  1).  R’  refers  to  alkyl  group  of 
solvent  alcohol.  CHjOCH.CHjOH.  ‘Ratios  of  totiJ  recovered  alcohols  (as  ROH  and  ROAc)  to  charged  Ti(OR)4  and 
aceuta  (as  ROAc  and  R'6Ac)  to  charged  PbfOAo.OHjO  give  measure  of  overall  stoichiometry,  theoretical  limits 
for  alcohol  and  acetate  are  4  0  and  2.0.  respectively  *Waurr  added  after  dehydration  step.  '"Solution  taken  to  drvness 
without  addition  of  water  ”N'o  lead  involved,  only  THO-i-Pr)4  ;tThe  THOEt)*  used  was  contaminated  by  TitQ-‘-Pr>4 
( *•  15%.  determined  by  H  NMR) 


4 Af ,  though  these  were  diluted  to  \M  to  IV/ 
prior  to  hydrolysis,  id)  Hydrolyses  were 
accomplished  by  adding  dropwise  acid-free 
deionized  water  (4  H20/Ti)  dissolved  in 
2-MOE  to  cold  (-20°  to  -25°C)  precursor 
solutions.  On  warming  to  room  tem¬ 
perature,  the  homogeneous  solutions  set  to 
yellow-gold  transparent  gels  within 
30  min.  (e)  Entrapped  solvent  was  re¬ 
moved  from  the  gels  by  room- temperature 
trap-to-trap  distillation,  using  standard 
high-vacuum  techniques.  Ail  distillate  frac¬ 
tions  (i.e.,  those  obtained  before  and  after 
addition  of  Ti(0R)4  and  from  the  gel  deso- 
Ivation)  were  analyzed  quantitatively  for 
the  constituent  alcohols  and  alkyl  acetates, 
as  described  above. 

To  determine  more  directly  the  fate  of 
the  charged  lead  acetate  in  solution  after  the 
dehydration  step,  but  before  the  addition  of 
the  Ti(OR)*,  the  following  experiment  was 
conducted.  The  volume  of  a  solution  of 
Pb(OAc):*3HzO  (7  2  g,  19  0  mmol)  in 
2-MOE  (initially  50  mL)  was  reduced  by 
distillation  until  the  solution  temperature 
reached  150°C,  at  this  time,  the  gold, 
water  sensitive  solution  was  separated  into 
two  equal  parts,  each  of  these  being  re¬ 
duced  to  an  oily,  yellow-gold  wax  at  room 
temperature  under  high  vacuum.  Reagent- 
grade  tetrahydrofuran  (THF.  50  mL)  was 
added  to  the  first  portion  under  N2,  produc¬ 
ing  a  white  slurry.  This  was  washed  with 
THF  and  anhydrous  diethyl  ether  (EtzO) 
and  air-dned  to  yield  a  white  powder 
(2.43  g),  whose  spectral  parameters  HR, 
H  NMR)  were  identical  with  those  given 
below.  To  the  second  portion,  reagent- 
grade  i-PrOH  (50  to  30  mL)  was  added, 
again  producing  a  white  slurry,  which  was 
transferred  under  N:  to  a  750-mL  Erlen- 
meyer  flask.  The  mixture  was  heated  to 
boiling  with  rapid  stimng  and  concomi¬ 
tant  additions  of  t-PrOH  until  the  mixture 
cleared  to  a  colorless  solution.  This  solu¬ 
tion  was  removed  from  the  heat,  sealed, 
and  allowed  to  stand  undisturbed  over¬ 
night.  The  resulting  mixture  was  filtered  in 
air.  the  solid  being  washed  with  i-PrOH  and 
EtjO,  and  air-dned  to  yield  3Pb(OAch’ 
PbOH20  (2.35  g,  7.7  mmol)  as  white 


leaflets.  Anal.  Calcd  for  C  ;H2oO).IPbi.  C. 
11.84,  H,  l  66;  Pb,  68.1.  Found.  C.  !I  "9. 
H.  1.42;  Pb,  67  6.  'H  NMR  (200  MHz) 
2.495  (1  H),  2.485  <  i  H),  l  715 
(18  H).  lR(cm"'i4):  ^=3524  (m,  sh), 
3463  (br,  vs);  i>0ac=1566  (vs),  1511  (vs). 
1406  (vs),  1335  (m).  The  XRD  patterns 
of  samples  prepared  as  either  Colloidan 
smears  or  double-sided  tape  mounts 
were  consistent  with  this  formulation,  but 
showed  a  ume-dependent  transformation  to 
a  yet  unidentified  species  (vide  infra). 

Results  and  Discussion 

The  results  of  the  study  relating  to  the 
quantification  of  volatilized  organic  com¬ 
pounds  (Table  I)  show  that,  irrespective  of 
the  reaction  scale  or  nature  of  TiiORL,  at 
least  over  this  limited  range  of  experi¬ 
ments,  the  formation  of  PT-prtcursor  pow¬ 
ders  is  accompanied  by  the  loss  of  =»  l 
equiv  of  acetate  and  >3  equiv  of  precursor 
alcohol  per  charged  Pb  or  Ti  compound. 
While  Gurkovich  and  Blum4"6  implied  that 
the  precursor  alcohol  and  acetate  were  re¬ 
moved  as  precursor  alcohol  acetate,  we 
determined  that  the  amount  of  precursor 
alcohol  acetate  formed  was  very  dependent 
upon  the  reaction  concentration.  Under 
dilute  reaction  conditions,  most  of  the 
liberated  acetate  is  removed  as  the  solvent 
alcohol  acetate,  with  little  precursor  alco¬ 
hol  acetate  formed.  Under  concentrated  re¬ 
action  conditions,  the  amount  of  precursor 
alcohol  acetate  formed  increases  as  the 
amount  of  solvent  alcohol  acetate  formed 
decreases.  This  of  course  is  the  result  of 
the  different  equilibrium  concentrations 
present  under  dilute  conditions  as  opposed 
to  concentrated  conditions. 

The  fact  that  only  one  acetate  per  lead 
is  released  dunng  the  reaction  sequence 
tends  to  eliminate  the  possibility  tnat 
structures  HI  and  (V  (see  Introduction)  ex¬ 
ist  to  any  significant  extent.  Rather, 
structures  I  and/or  n  would  be  consistent 
with  our  results.  It  should  be  recognized 
that  if  structure  II  is  present,  the  com¬ 
positional  stoichiometry  requires  the  pres¬ 
ence  of  an  additional  equivalent  of 
Pb(OAc)j,  Infrared  spectra  of  the  PT- 
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Table  II.  XRD  Pattern  Data  for  3Pb(OAc)2’PbO*H2Or 


Phase  I 

3Pb<OAc).  PbO-H^O1 

Phase  2 

Expansion*  (%) 

5  926  (14) 

5  956  (32)* 

6  088  (43) 

2.73 

4  575  (!) 

4  553  (31) 

4  848  (!) 

5  9*7 

3  943  (22) 

3  959(35)* 

4  058  (27) 

2.92 

3  296  (1) 

3  303  (30) 

3.401  (!) 

3  19 

2.954  (100) 

2.964  1 100)* 

3  038  (96) 

2.84 

2  633  (1) 

2  620(13) 

2.706  (!) 

2.77 

2  365  .76) 

2.368  (82)* 

2.433  (100) 

2.88 

1  966  1 15) 

1  972  (3D* 

2.027  (25) 

2.95 

1  689  <<1) 

l  695  (6) 

1  758  (ID* 

!  740  (1) 

3  02 

1.478  (!) 

f 

1.520  (!) 

2.84 

1.313  (5) 

f 

1.352  (4) 

2.97 

'Phases  I  and  2  are  defined  m  the  text.  The  d  spacing?  are  in  Angstroms 
(lx  10“  ‘  nm)  and  values  in  parentheses  give  observed  and  reported  relative  peak 
intensities  <///, )  Taken  from  Ref  13.  but  is  not  intended  to  represent  the  entire  listing 
for  this  material  bv  these  authors  Rather  it  is  presented  for  comparative  purposes  only 
Asterisks  i  V  designate  peaks  previously  associated  with  preferred  orientation  ‘Gives 
relative  increase  in  d  spacing  for  peak  in  pnase  2  with  respect  to  corresponding  peak 
an  phase  !  'Outside  range  reported  in  Ret  13 


precursor  powders  could  not  dif¬ 
ferentiate  the  two  structures,  showing  ab¬ 
sorbances  attributable  to  acetate  stretching 
modes  identical  to  those  of  Pb(0Ac)2*3H20 
(1561  ($),  140!  (s).  1337  (m)  cm”). 

Perhaps  the  most  unexpected  finding 
m  this  study  was  that  refluxing  Pb(OAc)2* 
3H20  in  2-MOE  liberates  0.5  equiv  of 
organic  acetate,  even  in  the  absence  of 
added  TiiORL.  The  resulting  solutions 
were  gold  colored,  exhibiting  an  almost 
metallic  sheen.  Also,  these  solutions  were 
water  sensitive,  immediately  decolorizing 
and  eventually  precipitating  a  white  solid 
on  its  addition.  This  observation  led  us  ini¬ 
tially  to  believe  that  the  dehydrated  solu¬ 
tions  contained  lead  alkoxide  species, 
possibly  formed  by  the  incomplete  per¬ 
turbation  of  'he  equilibria  given  by 

Pb(OAci?  -  R'OH— PbiOAc)  (OR') 

-HOAC  (3) 

HOAOR  OH— R'OAOHjO  (4) 

However,  the  gold  color  was  inconsistent 
with  previous  reports  that  solutions  of  lead 
alkoxides  are  colorless  :  More  direct  evi¬ 
dence  for  the  nature  of  these  solutions  came 
with  the  isolation,  in  high  yield,  of  a  com¬ 
pound  with  the  stoichiometry  of  basic  lead 
acetate,  3PbiOAc>;  PbO-H:0  Although 
redissolving  the  i<olatcd  solid  in  a  2-.MOE 
produced  a  odorless  solution,  suggesting 
that  some  reaction  has  occurred  during 
the  workup  procedure,  it  is  important  to 
note  that  the  stoichiometry  of  the  solid  is 
entirely  consistent  with  the  results  of  quan¬ 
tifying  the  organic  byproducts. 

4Pbt0Aci2-H20 - OPbtOAch  PbO 

>2HOAc  (5) 

HOAC  +  R'OH - >R'OAC  -  H20  i6) 

The  yellow-gold  color  is  likely  due  to  the 
presence  of  the  anhydrous  PbO  in  the  for¬ 
mulation. 


The  leaflet  nature  of  the  isolated  basic 
lead  acetate  had  significant  effects  on  the 
XRD  patterns.  Kwestroo  and  Langereis13 
have  reported  that  certain  peaks  in  the  XRD 
patterns  of  powdered  basic  lead  acetate  ex¬ 
hibited  disproportionately  large  intensities 
due  to  preferred  orientation.  With  the 
present  leaflets,  XRD  patterns  taken  imme¬ 
diately  a^ter  sample  preparation  (in  fact, 
while  the  isoamyl  acetaie/ColIoidan  binder 
was  still  wet)  showed  the  presence  of  ex¬ 
tremely  strong  peaks,  the  positions  and 
relative  intensities  of  which  corresponded 
exactly  to  those  indicated  as  being  due  to 
preferred  orientation  (Table  II,  phase  1). 
As  time  progressed  (half-life  on  the  order 
of  1  h),  the  intensity  of  this  partem  de¬ 
creased,  being  replaced  peak  for  peak  by 
that  of  a  second  phase  of  approximately 
equal  intensity  as  the  first.  After  24  h.  only 
the  pattern  of  the  second  phase  was  present 
(Table  (I,  phase  2).  Interestingly,  the  posi¬ 
tion  of  virtually  every  peak  in  the  second 
phase  corresponds  to  a  3%  increase  in  lat¬ 
tice  spacing  with  respect  to  the  first.  This 
type  of  behavior  is  often  observed  in  day 
systems  and  probably  represents  the  results 
of  some  intercalation  of  atmospheric  gases. 

Finally,  it  is  now  possible  to  comment 
on  the  work  of  Payne  and  co-workers  re¬ 
garding  the  differences  involved  when 
using  Ti(0-/-Pr)*  and  Ti(0-rt-Pr)4.  Whereas, 
.n  our  experimental  design,  the  total 
amount  of  recovered  precursor  alcohol  was 
essentially  independent  of  its  nature,  r. 
must  be  recognized  that  our  conditions 
were  apparently  more  severe  than  those  re¬ 
ported  by  Payne's  group.  Specifically,  they 
report  all  reactions  to  be  earned  out  at 
120°C,  though  they  do  not  indicate  whether 
this  temperature  refers  to  solution  or  vapor. 
In  either  case,  these  conditions  arc  mar¬ 
ginally  milder  than  ours  (final  vapor  tem¬ 
perature  of  123°C).  This  slight  difference  in 
absolute  temperature,  however,  is  expected 
to  have  a  very  significant  effect  on  the  final 
solution  composition  m  the  two  cases.  That 


is,  because  the  difference  m  boiling  points 
of  isopropyl  alcohol  (82.4°C)  and  n-propyl 
alcohol  (97  4°C)  is  so  large,  the  latter  sys¬ 
tem  will  tend  to  retain  relatively  more  of  the 
precursor  alcohol  in  the  final  mixes,  unless 
the  reactions  are  driven  to  completeness. 
Even  under  our  more  driving  conditions, 
/t-propyl  alcohol  was  unique  in  that  it 
was  the  only  system  in  which  some  pre¬ 
cursor  alcohol  was  recovered  in  the  hydro¬ 
lysis  step.  Certainly,  more  detailed  studies 
are  required  before  any  definite  conclusion 
is  made. 

Summary 

It  was  observed  that  the  formation  of 
PbTiOj-precursor  powders  via  sol-gel  was 
accompanied  by  the  loss  of  =1  equiv  of 
acetate  and  >3  equiv  of  precursor  alcohol 
per  charged  Pb  or  Ti.  The  seiative  propor¬ 
tions  of  precursor  alcohol,  precursor  alco¬ 
hol  acetate,  and  solvent  alcohol  acetate 
formed  as  a  result  of  the  formation  of  such 
powders  were  determined  to  be  dependent 
on  the  reaction  concentration.  It  was  inter¬ 
esting  to  observe  that  refluxing  Pb(OAc)2‘ 
3H20  in  a  2-MOE  liberates  0  5  equiv  of 
solvent  alcohol  acetate  m  the  absence  of 
Ti(OR)4.  and  that  basic  lead  acetate, 
3Pb(OAc)2-PbO-H20.  was  isolated  as  a  re¬ 
sult  of  such  reaction. 
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Electric-fieid-forced  antiferroelectric-to-ferroelectric  phase 
transitions  in  several  compositions  of  modified  lead  zirconate 
titanate  stannate  antiferroeiectric  ceramics  are  studied  for 
ultra-high-field-induced  strain  actuator  applications.  A  maxi¬ 
mum  field-induced  longitudinal  strain  of  0.85%  and  volume 
expansion  of  0.95%  are  observed  in  the  ceramic  conposition 
Pbot7La« oilZrowTiowSn^jC^  at  room  temperature.  Switching 
from  the  antiferroeiectric  form  to  the  ferroelectric  form  is 
controlled  by  the  nucleation  of  the  ferroelectric  phase  from  the 
antiferroeiectric  phase.  A  switching  time  of  <1  fis  is  observed 
under  the  applied  field  above  30  kV/cm.  The  polarization 
and  strains  associated  with  the  field-forced  phase  transition 
decrease  with  increasing  switching  cycle,  a  so-called  fatigue 
effect.  Two  types  of  fatigue  effects  are  observed  in  these  ce¬ 
ramic  compositions.  In  one,  the  fatigue  effects  only  proceed  to  a 
limited  extent  and  the  properties  may  be  restored  by  anneal¬ 
ing  above  the  Curie  temperature,  while  in  the  other,  the  fa¬ 
tigue  effects  proceed  to  a  large  extent  and  the  properties 
cannot  be  restored  completely  by  heat  treatment.  Hydrostatic 
pressure  increases  the  transition  field  and  the  switching  time. 
But  when  the  applied  electric  field  is  larger  than  the  transi¬ 
tion  field,  the  induced  polarization  and  strain  are  not  sensi¬ 
tive  to  increasing  hydrostatic  pressure  until  the  transition 
field  approaches  the  applied  field.  [Key  words:  ferroelec tries, 
stannates,  titanates,  zirconate,  lead.] 

I.  Introduction 

CERAMICS  in  lead  zirconate  titanate  stannate  and  further  modified 
forms  have  been  studied  extensively  m  the  past  20  yean  for 
many  potential  applicauons  in  energy  conversion. !  2  The  interest 
>tems  from  the  fact  that,  as  is  evident  in  Fig.  1,  there  are  regions 
on  the  ternary  phase  diagrams  at  room  temperature  where  antifer- 
roelectnc  and  ferroelectric  phases  abut  and  thus,  for  these  composi¬ 
tions.  must  be  of  closely  similar  free  energy.  Since  the  different 
amiferrodcctnc  and  ferroelectric  phases  are  ail  distinguished  by 
small  ( -0  2  A  M3  02  run))  displacement  of  ions  from  a  common 
high-'emperacure  cubic  prototypical  form,  etching  between  forms 
:an  be  accomplished  without  breaking  any  energetic  bonds.  As  the 
ferroelectric  domains  carry  a  large  spontaneous  electric  polariza¬ 
tion  and  the  antiferroelectncs  are  ccntnc,  it  is  not  surprising  mat 
antiferroeiectric  forms  close  to  bonding  compositions  can  be 
^witched  into  ferroclectncs  under  high  elcctnc  fields.  Similarly, 
the  ..tomic  arrangement  of  an  antifcrroeiectnc  is  more  compact 
than  that  of  the  ferroelectric  counterpart.  One  may  expect  fer¬ 
roelectric  compositions  close  to  the  boundary  to  invert  to  antifer- 
roelectric  under  suitable  hydrostatic  or  uniaxial  stress.  Such 
pressure  switching  has  been  very  extensively  investigated.  Upon 
mveruon  to  the  antifcrroeiectnc  form,  a  poled  ferroelectric  ce¬ 
ramic  releases  all  polanzation  charges  and  therefore  can  supply 
very  high  instantaneous  currents.*  The  ciectnc-field-forccd  phase 
transitions  were  also  studied  for  different  applicauons.  The  fust 
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systematic  study  m  the  1960s  was  done  at  Clevite  laboratories  to 
explore  the  use  of  phase  change  compositions  in  capacitive  en¬ 
ergy  storage.54  Uchmo  et  al.  studied  this  effect  for  the  shape 
memory  application.5 

For  the  same  composition,  an  anti  ferroelectric  form  has  a 
smaller  lattice  volume  than  the  paraelectnc  form,  while  a  ferro¬ 
electric  form  has  a  larger  lattice  volume  than  the  paraelectnc 
form  5  Therefore,  if  the  change  directly  from  an  anti  ferroelectric 
to  the  ferroelectric  can  be  accomplished  by  an  electnc  field,  large 
shape  change  should  take  place  However,  the  field-forced  phase 
change  was  not  considered  for  actuator  applicauons. 

In  an  earlier  paper,  we  demonstrated  the  large  field- induced 
strain  in  BaTiOj  single  crystal  by  the  mechanisms  of  field- forced 
paraeiectnc-to-ferroelectnc  phase  change  and  90°  domain  reorienta¬ 
tion,  and  in  another  paper3  we  demonstrated  the  large  field- 
induced  strain  m  PLZT  ceramic  compositions  near  the  tetragonai- 
rhombohedrai  phase  boundary  by  a  mechanism  of  non- 180°  domain 
reorientation.  In  this  paper,  we  present  the  field-induced  strain 


Fig.  1.  U)  Ternary  phase  diagram  for  the  system  Pb0«*Nb0o?- 
tZr.Sn,Ti)0«O,  at  25*C.  lb)  Ternary  phase  diagram  for  the  system 
Pb077LA)«(Zr-Sn.Ti)O,  ax  25*C 
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Fig.  2.  Polartzation-eieanc  tield  hysteresis 
loops  tor  various  compositions 


and  kinetics  of  the  field-forced  antiferroelectnc-to-ferroelectnc 
phase  transition  in  modified  lead  zirconate  titanate  stannate 
swuchable  antiferroelectnc  ceramics  and  discuss  the  possibil¬ 
ity  of  this  family  of  ceramics  tor  uitra-high-fieid-induced  strain 
actuator  applications. 

II.  Experimental  Procedure 

*1)  Composition  Selection  and  Sample  Preparation 

The  compositions  chosen  for  audy  were  close  to  the  com¬ 
positions  chosen  at  Clevite  laboratory  for  the  pressure  switching 
experiments/  These  compositions  are  ail  near  the  antiferroelectnc  - 
ferroeteeme  phase  boundary*  F^o^Zro^Tboj-nouW^ottOi  ll). 
Pb0  ‘ijSro  osLao  ojl 2ro  uTio  ^Sno  jo-iO j  (2),  Pbo  ^Mgo  ojLao  ^ 
tZro  j^Tio  nSno  uJGj  >3).  Pbo^L/^^ZfQ^TioooSno  (4),  and 
Pb0  oTLa^oilZro  53^*io  uSnoijiOi 

The  positions  in  the  phase  diagram  for  compositions  4  and  5  are 
shown  in  Fig.  lia).  These  two  compositions  are  ui  the  region  of  the 
antiterroelectnc  tetragonal  close  to  the  phase  boundary  between 
antiterroelectnc  tetragonal  and  terrociectnc  rhombohedral  <LT 
low-temperature  phase)  phases.  The  position  of  composition  1  in 
the  phase  diagram  is  shown  in  Fig  lib)  It  is  observed  that  the 
position  of  composition  1  in  the  phase  diagram  is  very  dose  to 
the  phase  boundary  between  antiferroelectnc  tetragonal  and  meta- 
aable  terrociectnc  rhombohedral  iLT)  The  phase  diagrams  for 
compositions  2  and  3  are  not  available. 

The  above  compositions  were  made  up  from  re  agent-grade 
>xides  using  the  conventional  solid-state  sintenng  technique.  Cal¬ 
cining  temperatures  were  in  the  range  ot  750c  to  900°C  Disks 
were  ;oid-pressed  using  a  small  amount  of  poiyi vinyl  alcohol) 
*PVA)  binder  and  fired  at  1350°C  m  a  PbO  atmosphere  provided 
by  excess  PbZrO^  in  closed  containers. 

(2)  Measurements 

At  F>eid-lnduced  Polarization  and  Strain.  The  samples 
were  wut  with  a  atnng  saw  into  dimensions  0.6  <  Q  4  cm  with 
duckness  ranging  from  0. 15  to  0.3  mm  depending  on  the  transition 
ueid  ot  the  ceramic  compositions.  The  major  surfaces  were  fine 
ground  and  gold  eiectroded.  The  longitudinal  strains  were  meas¬ 
ured  with  a  laser  interferometer  as  described  in  an  earlier  paper/ 
The  polarization  versus  electric  field  was  measured  using  a  modi¬ 
fied  Sawyer  and  Tower  circuit.  The  transverse  strains  were  measured 
using  the  bonded  strain  gage  technique.  Temperature  variation 
was  accomplished  using  a  hot  stage  immersed  m  a  liquid-nitrogen 
container  and  the  temperature  was  controlled  by  a  transformer  in 
>encs  with  a  temperature  controller. -  Fissure  variation  was  ac¬ 
complished  m  a  well-sealed  oil  container  to  which  on  air-dnven 
mensificr  pump  supplied  a  high-pressure  medium/  The  value  ot 
pressure  was  monitored  wun  a  Heise  gauge  with  an  accuracy  ot 
-  ,00  bar  t  r  10  MPa). 

<B)  Switching-Current  Measurements  The  samples  were 
cut  into  thicknesses  ranging  from  0  2  to  0  25  mm  For  these  ex¬ 
periments.  the  areas  of  the  samples  were  kept  under  0  03  cm:  to 
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ensure  that  the  power  supply  could  provide  sufficient  current  The 
shapes  of  the  samples  were  made  ^regular  to  reduce  the  interference 
of  a  radical  piezoelectric  resonance  mode  The  major  surfaces  of  the 
samples  were  sputtered  twtee  with  gold  to  ensure  equal  potential 
surfaces  even  under  high  current  conditions. 

The  kinetics  of  the  switching  in  these  samples  was  studied  by 
the  conventional  square  pulse  technique  in  which  one  measures  the 
current  which  flows  through  a  senes  resistor  to  the  sample  elec¬ 
trodes.  0  The  rectangular  pulse  was  generated  with  a  Dulse  gen¬ 
erator'  and  then  input  into  a  high-power  pulse  generator5*  for  power 
amplification.  The  high-power  pulse  generator  possesses  9-kW 
power,  and  6-A  current  can  be  supplied  by  the  machine  under 
1500  V  and  a  pulse  width  of  50  jxs.  The  nsc  times  for  both  pulse 
generators  were  shorter  than  20  ns.  The  resistance  value  of  the 
series  resistor  was  kept  small  in  order  to  have  the  resistance- 
capacitance  iRO  time  constant  of  the  high-frequency  capacitance 
of  the  sample  and  the  resistor  less  than  10  ns  The  current  flow¬ 
ing  to  the  sample  electrode  during  the  switching  was  obtained  by 
measuring  the  voltage  across  the  senes  resistor  The  voltage  as 
a  function  of  time  was  recorded  with  a  digital  oscilloscope  * 
The  scope  has  a  50- MHz  bandwidth  and  up  to  200- MHz  sampling 
frequency  An  invertor  is  used  to  change  the  polarity  of  the  pulse 
to  prepare  the  sample  for  further  switching  because  remanent 
polarization  observed  for  the  compositions  studied,  especially 
for  composition  l 

The  switching  time  was  obtained  by  reading  the  time  at  which 
the  switching  current  dropped  to  20*3?  of  its  maximum  value  The 
> witching-current  values  were  obtained  from  the  voltage  across  the 
>enes  resistor  and  the  resistance  value  of  the  resistor  The  charges 
flowing  through  to  the  sample  electrode  were  obtained  by  integrat¬ 
ing  the  areas  under  the  switching  current-time  curves  The  RC 
peaks  were  extrapolated  by  hand  to  longer  time  and  the  areas 
under  the  peaks  were  subtracted  from  the  total  areas  to  find  out 
the  charges  due  to  polarization  switching  only 

*Ct  Measurement  of  Fatigue  Effect.  The  fatigue  effect  was 
studied  by  measuring  the  field- induced  polarization  and  trans^ 
verse  strain  as  a  function  of  switching  cycles.  A  10-Hz  sine  wave 
form  was  used  to  drive  the  ceramic  samples  continuously  through 
die  phase  change.  The  fatigued  samples  were  annealed  at  3Q0°C 
for  12  h. 


III.  Results  and  Discussion 

il)  Field-Induced  Polarisation  and  Stroms 
lAi  Induced  Polarization  and  Strains  for  Different  Composi¬ 
tions.  A  maximum  eiectnc  field  up  to  ?0  kV  cm  was  applied 
to  achieve  the  field-forced  antiferroeiectnc-fcrroelectnc  phase 
switching  in  the  five  ceramic  compositions.  8ut  compositions  2 
and  3  could  not  be  switched  even  under  the  maximum  field 
level  attempted. 

The  polanzation-elecmc  field  hysteresis  loops  are  shown  in 
Fig.  2.  Composition  4  shows  a  classic  mil  ferroelectric  hysteresis 
loop.  In  the  low-field  region,  this  ceramic  composition  shows 
characteristics  of  a  linear  dielectric  with  no  hysteresis  loops.  The 
two  hysteresis  loops  associated  wuh  positive  ana  negative  eiectnc 
field  are  well  separated  by  a  straight  tine.  Composition  1  shows  a 
hysteresis  loop  quae  similar  to  that  of  a  ferroelectric,  because  the 
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Fig.  4.  2)  Polanzauon-decinc  field  and  ib)  transverse  >tram-electnc  Held  hysteresis  loops  as  a  function  of  temperature 

tor  composition  4 


position  of  rhi$  composition  in  the  phase  diagram  is  very  dose  to 
rhe  phase  boundary  oetween  anti  ferroelectric  tetragonal  and  meta- 
stable  fenroelectnc  rhombohedrai  iLT)  after  poling,  However,  the 
kmks  in  the  middle  of  the  hysteresis  loop  indicate  that  there  is  a 
recovery  of  the  anti  ferroelectric  form.  Composition  5  shows  a  be¬ 
havior  in  between  those  of  composiuons  1  and  4.  For  this  composi¬ 
tion,  the  anuferroelectnc  phase  docs  recover  under  positive  field. 
However,  'wo  hysteresis  loops  associated  with  positive  and  nega¬ 
tive  field  appear  slightly  overlapped.  The  longitudinal  strains  ac¬ 
companying  the  P-E  hysteresis  loops  for  the  three  composiuons 
are  shown  in  Fig  3  The  transverse  strain  hysteresis  loops  are  es¬ 
sentially  the  same  in  shape  except  that  the  strains  are  less  than  the 
longitudinal  strains.  The  signs  of  the  transverse  strains  are  also 
positive,  contrasting  with  those  of  the  ferroelectncs.  It  must  be 
mentioned  that  the  hysteresis  loops  recorded  arc  not  for  the  first 
witching  cycles  When  the  anuferroelectnc  state  m  a  virgin  state 
s  -witched  into  fenroelectnc,  the  transition  field  iS  much  higher 
'han  that  for  the  subsequent  cycles,  a  phenomenon  observed  also  by 
8crhncouna  and  Pul  van  *  As  the  annferroeiectncity  of  the  com¬ 
positions  increases  from  1  to  5  to  4.  the  difference  between  the 
first  cycle  transition  field  and  that  for  the  subsequent  switching 
becomes  small. 

The  field-induced  strains  and  the  related  switching  data  arc 
,ummanzed  m  Table  1.  It  may  be  seen  that  the  induced  poiaruanon 
>eems  to  be  proportional  to  the  transiuon  field.  The  transiuon  field 
is  a  measure  of  the  coupling  between  the  two  sublattices  The 
stronger  the  coupling  between  the  two  sublatuces,  the  smaller  the 
lattice  volume  of  the  anuferroelectnc  form,  hence  the  higher  the  tran¬ 
sition  field.  When  the  anuferroelectnc  form  becomes  smaller 
in  volume,  the  volume  difference  between  the  anuferroelectnc 
form  and  the  ferroelectnc  form  becomes  larger;  therefore,  the 


field-induced  strains  increase  It  must  be  mentioned  that  tor  com¬ 
position  4,  when  the  virgin  state  is  switched,  a  longitudinal  strain 
van  be  larger  than  0  9 %  But  this  magnitude  cannot  be  observed 
repeatedly.  The  value  listed  in  Table  1  is  obtained  alter  quite  a 
few  switching  cycles.  It  may  be  seen  from  Table  I  that  the  neid- 
tnduccd  volume  expansion  for  these  ceramic  compositions  is 
quite  large  because  the  transverse  strain  is  positive  while  ui  ter- 
roelectncs  the  transverse  strain  is  negative  and  thus  attenuating 
the  volume  expansion  vaused  by  the  longitudinal  strain.  It  may 
also  be  noted  that  the  ratio  of  the  longitudinal  strain  to  the  trans¬ 
verse  strain  is  by  no  means  a  constant  for  all  the  compositions.  It 
is  9  17  for  composition  4,  2.63  for  composition  5,  and  only  I  92 
for  composition  1. 

8 )  Temperature  Dependence  of  F ic Id- Induced  Polarization 
and  Strain.  The  polarization  and  transverse  strain  were  measured 
as  d  funcuon  of  temperature  for  compositions  4  and  5.  The  polariza¬ 
tion  and  strain  hysteresis  loops  at  some  typical  temperatures  lor 
womposition  4  are  shown  in  Fig.  4.  It  is  observed  that  at  low  tem¬ 
perature  the  ceramic  composition  tends  to  show  a  terroclectnc- 
like  hysteresis  loop.  It  suggests  that  at  very  low  temperature  the 
ferroelectnc  phase  is  a  thermodynamically  stable  phase. 


Table  I.  Summary  of  Switching  and  Strain  Data  for 
Modified  Switchable  Lead  Zirconate  Titanate 
Stannate  Ceramics 


Comp 

ikV'cm) 

p 

inC. cm:) 

t.i^) 

Aw  v 

r 

1 

10 

24 

0.08 

0.042 

0.164 

1.92 

4 

48 

40 

0.78 

0.085 

0  95 

9.17 

5 

30 

25 

0.15 

0.057 

0.264 

2.63 
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Fig.  5.  (a)  Field  (52  fcV  cm)  induced  polarization  as  a  function  of  temperature  and  ib)  the  transition  field  tor  coercive  field)  and  me 
field  <52  kV/cm)  induced  transverse  strain  as  a  function  of  temperature  tor  composition  4 


Fig.  6.  i a)  Polanzauon-electnc  Held  hysteresis  loops  under  various  hydrostatic  pressures  and  ib)  the  field  1 36  kV/cm) 
induced  polarization  and  transition  field  as  a  function  of  hydrostatic  pressure  at  room  temperature  for  composition  5 


Figure  5(a)  shows  the  induced  polarization  at  a  field  level  of 
52  kV'cm  as  a  function  of  temperature  and  Fig.  5(b)  shows  the 
transverse  strain  induced  at  a  field  level  of  52  kV/cm  and  the 
transition  field  (or  coercive  field)  as  a  function  of  temperature 
The  induced  polarization  is  shown  to  vary  very  little  with  tem¬ 
perature  However,  the  transition  field  and  the  field-induced 
strain  vary  with  temperature  differently  The  transition  field  lor 
coercive  field)  decreases  as  temperature  decreases  The  sudden 
decrease  occurs  at  ~60°C  The  transverse  strain  increases  as  the 
temperature  decreases  to  -50°C  and  then  decreases  as  the  tern- 
perature  decreased  The  sudden  decrease  *n  strain  also  occurs 
at  -60°C  It  is  believed  that  the  dominant  mechanism  for  the 
ueld-»nduced  strain  is  the  phase  change  between  the  anuferro- 
electric  and  ferroelectric  forms.  When  the  temperature  ap¬ 
proaches  -60°C  from  a  higher  temperature,  the  energy  difference 
between  the  two  forms  decreases  and,  therefore,  the  field-forced 
transition  is  facilitated  The  increased  field- induced  strain  may  be 
C^CCt  V^len  tcmpcrature  decreases  further  below 
oO  C,  the  ceramic  gams  ferroelectric  icy  and  the  field-induced 
strain  associated  with  the  phase  change  decreases  drastically. 

1L  *  DePendcncc  of  the  Field-Forced  Phase  Transi - 

lions  The  field- forced  phase  transition  from  anuferroelectnc  to 
lerroelectnc  under  hydrostatic  pressure  was  also  investigated. 
The  polanzauon-electnc  field  hysteresis  loops  as  a  function  of 
ydrostatic  pressure  for  composition  5  are  shown  in  Fig,  6tai 


It  is  observed  that  the  transition  field  increases  with  increasing 
hydrostatic  pressure.  If  the  applied  field  level  is  kept  constant, 
the  field-induced  phase  transition  will  oe  eventually  suppressed 
by  the  hydrostatic  pressure.  This  evidence  further  confirms  that 
the  antiferroeiccmc  form  is  more  compact  than  the  terroeiectnc 
counterpart.  Hydrostatic  pressure  favors  the  smaller- volume  anu¬ 
ferroelectnc  form  and  therefore  increases  the  transiuon  field. 

The  polanzation  induced  under  peak  elecmc  field  (36  kV/cm) 
and  the  avenge  transition  field  as  a  function  of  hydrostatic  pres¬ 
sure  are  shown  in  Fig.  6(b).  It  may  be  seen  that  the  transition 
field  increases  with  hydrostatic  pressure  in  a  reasonably  unuorm 
manner,  but  the  polarization  decreases  nonumformiy  with  increas¬ 
ing  hydrostatic  pressure.  At  a  low  hydrostatic  pressure  level,  the 
induced  polanzation  is  almost  maintained  at  a  constant  level  be¬ 
cause  the  applied  field  is  larger  than  the  transition  field.  At  about 
10G0  atm  (about  100  MPa),  the  induced  polanzauon  begins  to  de¬ 
crease  more  quickly  because  the  transition  field  approaches  the 
applied  field.  This  behavior  shows  an  advantage  of  the  antiferro- 
electnc  over  ferroeiectnc  for  the  “on/off*  type  of  switching.  As 
long  as  there  is  enough  field  for  the  phase  transition  to  take 
place,  the  induced  strain  may  not  be  very  sensiuve  to  the  hydro- 
stauc  load  over  a  substanual  range  of  hydrostatic  load. 

(2)  Kinetics  of  Field-Forced  Phase  Transition 

Figure  shows  the  polanzauon-electnc  field  hysteresis  loops 
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of  ceramic  compositions  1  and  5  used  for  the  kinetics  study 
Composition  5  shows  an  explicit  double  hysteresis  loop  with  a 
well-defined  transition  field.  This  loop  is  slightly  different  from 
those  of  the  samples  used  for  strain  study  probably  because  of  the 
variation  in  preparation  parameters.  The  remanent  polarization  at 
zero  electric  field  is  very  small,  indicating  that  the  composition 
recovers  to  an  anu ferroelectric  form  under  the  absence  of  the  elec¬ 
tric  field.  Composition  i  >hows  a  ferroelectric- like  hysteresis  loop 
The  transition  field  is  diffused,  but  kinks  are  observed  m  the 
middle  of  the  P-E  hysteresis  loop,  indicating  that  the  recovery  to 
an  antiferroeiectnc  occurs  in  a  negative  field. 

(A)  Composition  5  Figure  8(a)  shows  the  switching 
current-time  curves  under  different  applied  field  levels  for 
composition  5.  It  is  observed  that  the  shapes  of  the  switching 
current-time  curves  are  similar  to  those  observed  m  the  ferro¬ 
electric  crystals. 0  An  RC  peak  is  followed  by  the  switching  cur¬ 
rent.  The  lmax  increases  with  increasing  electric  field  and  the 
switching  time  decreases  with  increasing  electric  field  The 
switching  can  be  completed  wuhin  1  }is  above  a  field  level  of 
50  kV  'em  The  switching  time  is  much  shorter  than  0  1  s  re¬ 
ported  by  L’chino  et  al  1  It  is  believed  that  the  power  level  used 
tor  the  measurement  is  very  important  for  accurate  measurement 
of  switching  time  An  antiferroeiectnc  has  a  high  transition  field 
and  a  sharp  increase  m  polarization  at  the  transition  field.  Large 
current  has  to  be  sullied  under  a  high  voltage  level  to  ensure 
a  nondelayed  phase  .nange.  Therefore,  a  high  power  level  is 
required  for  the  measurement  We  speculate  that  the  large  dif¬ 
ference  between  the  switching  times  reported  by  Uchino  et  al 
and  our  data  is  due  to  the  different  power  levels  used  for  the 
measurements 

Figure  8(b)  shows  the  induced  polarization  integrated  from  the 
switching  current-time  curves  It  is  observed  during  the  experi¬ 
ment  that  under  a  field  level  of  30  kV  cm.  not  much  polarization 
can  be  induced  by  the  pulses  Above  the  field  level  of  30  kV  cm. 
the  induced  polarization  does  not  vary  too  much  with  the  applied 
electric  field.  The  field  level  of  30  kV/cm  is  slightly  larger  than 
the  transition  field  of  the  ceramic  composition.  This  indicates  that 
the  induced  polarization  is  contributed  mainly  by  the  phase 
change  If  the  field  is  high  enough,  the  extra  field  will  not  induce 
too  much  polarization  because  the  polarization  induced  because 
of  the  dielectric  constant  of  the  ferroelectric  phase  is  much  less 
than  the  polarization  change  due  to  the  occurrence  of  the  phase 
transition  If  ihe  field  is  not  enough  to  induce  the  phase  change, 
the  induced  polarization  is  very  small.  It  seems  that  a  threshold 
field  exists  tor  composition  5  wnich  has  a  sharp  phase  change  at 
the  transition  field. 

Figure  9(a)  shows  l/r,  vs  E  and  In  (l/r,)  vs  \/E  and  Fig.  9(b) 
shows  lm<u  vs  E  and  In  (/^)  vs  ME  It  may  be  noted  that  the 
plots  are  not  the  same  as  those  for  the  polarization  reversal  in  fer¬ 
roelectric  crystals.  0 

For  the  polarization  reversal  in  ferroelectric  crystals,  the 
switching  time  under  a  low  field  level  is  controlled  by  the  nu- 
clcation  of  new  domains.  The  switching  time  and  the  maximum 
^witching  current  can  be  expressed  by  the  following  relations 
under  the  low  applied  electric  field: 


where  a  is  the  so-called  activation  field  Under  a  high  electric 
field,  the  switching  is  controlled  by  domain  wall  motion.  The 
^witching  time  and  can  be  expressed  by  the  following  rela¬ 
tions  with  the  applied  field’ 

l^u  -  KE  I  r,  -  KE 

where  AT  is  a  constant  which  is  a  measure  of  the  ease  with  which 
the  domain  walls  move.  0  When  / ^  or  I  it,  is  plotted  against  £. 
an  exponential  relation  holds  in  the  low-field  region  within  which 
nuclcation  of  new  domains  controls  the  switching  and  a  linear  re¬ 
lation  holds  in  the  high-field  region  within  which  the  domain  wall 
motion  controls  the  switching.  On  the  other  hand,  when  In 
or  \n  tl/r#)  ,s  plotted  against  l/£,  a  linear  relation  should  hold  in 
the  low-field  region,  within  which  nucieation  of  the  new  domain 


Fig.  7,  Poianzation-electnc  field  hysteresis  loops  for  samples 
of  (a)  composition  5  and  ib)  composition  1  used  for  switching- 
current  measurements 


controls  the  switching,  but  not  in  the  hign-field  region,  within 
which  the  domain  wall  growth  controls  the  switching. 

In  Fig  9.  nucleation-controiled  swuemng  and  domain-wall- 
controlled  switching  seem  to  be  separated  at  about  36  kV  cm 
from  either  the  l/r,  vs  £  or  vs  £  plots.  Above  this  field  level, 
the  points  seem  to  follow  a  linear  relation.  However,  this  is  not 
true  for  either  In  (l/r,)  vs  I/£  or  In  il^)  vs  !/£  plots  because 
the  points  for  the  field  above  36  kV/cm  still  seem  to  follow  the 
linear  t elation .  indicating  the  nucieation  may  be  still  controlling 
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Fig.  8.  a)  Switching  ^urrent-time  curves  under  different  ap¬ 
plied  electnc  field  and  ib)  the  field-induced  polarization  inte¬ 
grated  from  the  areas  under  the  switching  current-time  curves  for 
composition  5 
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Fig.  9.  ;ai  1  :T  vs  £T  and  in  ( i  f  i  vs  I  £  and  ioi  vs  £  and  Fig.  10.  iai  Switching  current-time  curves  under  different  3p- 

In  vs  I  £  tor  composition  5  piled  fieid  and  fb)  the  polarization  integrated  rrom  the  areas  under 

the  switching  current-time  curves  for  composition  1 


the  switching  It  must  be  remembered  that  the  switching  here  is 
different  from  the  polarization  reversal  in  ferroelectric  crystals 
There  is  no  domain  wall  movement  but  there  is  a  phase  boundary 
movement  during  the  switching  It  may  be  possible  to  observe  a 
phase-boundary-controlled  switching  region  if  the  applied  field 
can  be  great!}  increased  However,  the  amplitude  of  the  voltage  is 
limited  b>  the  maximum  voltage  of  the  high-power  pulse  genera¬ 
tor  and  some  other  experimental  difficulties  The  activation  field 
calculated  from  In  <1  rf )  vs  l/E  is  200  kV  cm  while  that  calcu¬ 
lated  trom  In  (/^ )  vs  l/E  is  150  kV/cm  Although,  there  is  no 
perfect  agiecmcnt,  it  is  believed  that  the  activation  field  fails  into 
fhe  range  from  150  to  200  kV  cm.  The  activation  fields  for  the 
polarization  reversal  in  the  PLZT  and  PZT  family  of  ferroelectric 
ceramics  ha  ;  been  reported  by  Li  et  ai  The  activation  field  for 
PLZT  8  65,  35  is  about  5  kV,  cm  and  that  for  Nb-doped  PZT  is 
about  10  kV  cm  The  activation  field  here  is  much  higher  com¬ 
pared  to  those  observed  for  ferroelectric  ceramics,  which  mdi- 
c-tes  'hat  the  nucieation  of  a  new  phase  is  more  difficult  than  the 
nu^.eation  of  new  domains 

Bi  Composition  1  The  switching  current-time  curves  at 
various  electric  fields  for  composition  1  are  shown  m  Fig.  10(a) 

It  is  obv  rved  that  the  area  under  the  switching  current  under  low 
electric  field  is  significantly  tess  than  that  under  the  higher  field. 
The  polarization  induced  by  the  switching  is  shown  in  Fig  10(b) 

It  may  be  seen  that  the  polarization  increases  with  increasing 
electric  field  until  35  kV  cm  In  the  I/f,  vs  E  plot  shown  in 
Fig  I  ha),  a  minimum  value  for  l/f ,  occurs  in  the  medium  level  of 
applied  electnc  field  Below  the  field  for  this  minimum,  l/r,  de¬ 
creases  with  increasing  field  This  field  range  corresponds  well 
with  the  field  range  in  Fig  11(b)  within  which  the  polarization 
switched  increases  with  increasing  applied  field  Because  this  ce¬ 
ramic  has  3  diffused  transition  field,  the  activation  Held  should 
also  be  diffuse  in  nature  If  the  field  is  not  high  enough  to  switch 
the  whole  system  but  high  enough  to  switch  lower  activation  field 


components,  the  switching  time  can  be  shorter  Above  the  field 
for  the  minimum  the  system  begins  to  switch  as  a  whole  and  the 
increase  in  ihe  applied  field  should  reduce  the  switching  time 
For  this  composition,  the  activation  field  cannot  be  determined  m 
the  same  manner  as  that  for  composition  5  because  the  activation 
field  is  distributed  over  a  range.  Figure  1 1(b)  shows  a  plot  of 
vs  E  It  is  observed  that  increases  with  increasing  applied 
field  without  a  minimum  in  the  middle  This  is  due  to  the  fact 
that  more  polarization  is  induced  under  increased  applied  field. 

(3)  Effect  of  Hydrostatic  Pressure 

Figure  12(a)  shows  the  switching  current-time  curves  under 
different  hydrostatic  pressure  for  composition  5  It  is  observed 
that  the  peak,  switching  current  / ^  decreases  under  increasing 
Hydrostatic  pressure.  Figure  I2lb)  shows  the  switching  time  and 
the  reciprocal  switching  time  as  a  function  of  the  hydrostatic 
pressure.  It  is  observed  that  the  switching  time  increases  with  in- 
wrcasing  hydrostatic  pressure.  This  is  just  opposite  to  the  effect 
observed  in  ferroelectric  PZT  ceramics.'1  In  ferroelectric  PZT. 
hydrostatic  pressure  favors  the  smaller-volume  paradectnc  state 
and  lowers  the  Cune  temperature  and  the  coercive  field,  there¬ 
fore  the  switching  time  decreases  with  increasing  hydrostatic 
pressure  In  the  amifcnoeiectnc.  the  hydrostatic  pressure  favors 
smaller-volume  anti  ferroelectric  and  increases  the  transition  field, 
therefore,  the  switching  time  increases  with  increasing  hydro¬ 
static  pressure 

(4)  Fatigue  Effects 

Unfortunately .  a  fatigue  effect  is  found  in  this  family  of  anti- 
ferroelectnc  ceramics  when  they  are  dnven  electrically  through 
the  phase  change  repeatedly 

Figure  13(3)  shows  the  polarization-electric  field  hysteresis 
loops  for  different  driving  cycles  for  composition  5.  It  is  ob¬ 
served  that  the  hysteresis  loop  changes  from  a  square  shape  m  the 
virgin  state  to  a  diffused  one  in  the  fatigued  state.  The  induced 
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polarization  decreases  and  the  transition  field  is  diffused 
Figure  13(b)  shows  the  induced  poianzation  (normalized  to  that 
of  the  initial  state)  versus  the  switching  cycles.  It  is  observed  that 
the  induced  polarization  and  strain  decrease  with  the  switching 
cvcles  up  to  about  500000  cycles  and  then  the  value  stabilizes  at 
d<)%  of  the  initial  poianzation  and  80%  of  the  initial  strain  If  the 
faugued  sample  is  annealed  at  300°C.  the  induced  polarization 
and  strain  may  be  nearly  recovered.  We  believe  that  for  this  com¬ 
position  within  switching  cycles  attempted,  the  degradation  ef¬ 
fects  come  mainly  from  the  modified  mechanical  boundary 
conditions  of  the  grains  in  the  ceramic  system  or  the  modified 
field  distribution  due  to  the  redistribution  of  space  charges.  When 
the  randomly  oriented  grains  in  ceramics  deform  under  the  ap¬ 
plied  electric  field,  they  deform  differently  because  of  the  dielec¬ 
tric  and  electromechanical  anisotropy  of  the  individual  grams. 
Therefore,  larger  and  larger  internal  stresses  are  introduced  as  the 
switching  continues  Some  regions  may  be  subject  to  tensile 
stresses  while  other  regions  may  be  subject  to  compressive 
vtresses  These  internal  stresses  modify  the  transition  field  of  dif¬ 
ferent  regions  The  transition  field  is  therefore  diffused  over  a 
range  Some  regions  may  become  so  compressive  that  these  re¬ 
gions  no  longer  arc  aole  to  switch  and  the  induced  poianzation 
therefore  decreases.  Under  a  high  dnving  electnc  field,  current 
njecuon  from  the  electrode  and  space  charge  or  defect  rcdistnbu- 
tion  wtthir.  the  bulk  of  the  ceramic  may  also  modify  the  local 
electnc  fields  of  the  ceramic,  giving  nse  to  the  observed  fatigue 
etfects  High-temperature  annealing  can  relieve  the  internal 
tresses,  redistribute  the  defects  and  space  charges,  and  hence  re¬ 
store  the  onginal  properties. 

For  composition  4.  the  tatigue  effect  is  very  severe  The  in¬ 
duced  polarization  and  strain  as  a  function  of  switching  cycles  are 
show  in  Fig.  14(a)  There  may  also  be  stable  r,  or  P  values  for 
composition  4  as  suggested  by  the  plot.  But  these  arc  greatly  re¬ 
duced  with  respect  to  the  initial  values.  The  polarization  and 
strain  hysteresis  loops  of  a  fatigued  sample  for  composition  4  are 
snown  m  Fig.  14(b)  These  hysteresis  loops  are  of  completely 
different  shape  from  the  ones  observed  initially  High-temperature 
annealing  at  300QC  increases  the  induced  poianzation  partly  but 


Driving  Cycles  (  106) 

Fig.  U.  a)  Polaruaoon-eiectnc  held  hysteresis  loops 
after  different  switching  cycles  and  ib)  the  neld-induced 
poianzation  and  transverse  strain  i normalized  to  the 
initial  values)  versus  switching  cycles  tor  composmon  5. 
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Fig.  14.  (a)  Fieid  (52  kV\  cm)  induced  polarization  and  transverse  strain 
as  a  function  or  switching  cycles,  bi  the  polanzation-eiectnc  field,  and 
ic)  transverse  strain-electnc  field  hysteresis  loops  for  fatigued  composi¬ 
tion  4 


the  double  hysteresis  loop  could  not  be  recovered,  it  is  believed 
that  microcracks  developed  within  the  bulk  of  the  ceramic  be¬ 
cause  of  the  large  internal  stresses  due  to  the  mismatch  between 
the  grains  An  electron  microscope  study  of  the  development  of 
the  microcracks  has  also  been  reported  in  fatigued  doped  PbTiO> 
ceramics  l' 

FV.  Summary  and  Conclusions 

Large  field-induced  longitudinal  strain  up  to  0.85%  and 
volume  expansion  of  0.95%  are  observed  in  the  modified  lead 
zirconate  titanate  stannate  family  of  swuchablc  antiferroelectnc 
ceramics  The  switching  is  controlled  by  a  phase  nucication 
process  up  to  very  high  applied  field  level  and  the  activation  field 
observed  is  on  the  order  of  200  kV/cm  For  composition  5  tht 
switching  time  may  be  less  than  \  ns  \(  z  field  level  above 
30  kV  cm  is  applied.  Hydrostatic  pressure  increases  both  the 
transition  field  and  the  switching  time  But  the  maximum  induced 
strain  and  polarization  are  unaffected  by  hydrostatic  pressure 
when  the  applied  field  is  much  larger  than  the  transition  field 

For  actuator  applications,  the  antiferroelectnc  ceramics  show 
the  advantage  of  having  large  field-induced  strains,  especially  the 
volume  expansion  The  kinetics  of  the  phase  transition  is  tast 
enough  to  make  these  matenais  useful  tor  most  ot  the  potential 
applications  However,  the  matenais  show  a  fatigue  effect  when 
used  in  ceramic  form,  especially  if  the  field-induced  strain 


involved  is  very  large  The  fatigue  effect  should  be  overcome  be¬ 
fore  the  advantage  of  the  large  field  induced  strain  charactenstics 
can  be  utilized 
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\  technique  is  developed  to  measure  the  transition  speed  trom  a  tield-induced  ferroelectric  to  an 
antiferroelectnc  phase  upon  the  release  ot  the  applied  electric  field  in  the  antiferroelectnc  ceramics 
The  transition  speeds  of  three  members  in  the  antiferroelectnc  i  Pb,La)(Zr\Ti.Sn)0?  tamilv  were  in¬ 
vestigated  Switching  current-time  curves  similar  to  those  observed  in  the  normal  square  pulse  torward 
switching  technique  were  found  A  switching  time  as  short  as  2  ixSec.  was  round  in  one  ot  the  antiter- 
roelectnc  compositions  The  switching  time  increases  as  the  ferroelectric  to  the  antiferroelectnc  tran¬ 
sition  held  decreases  Under  a  continuous  high  trequencv  driving  Held,  'he  ferroelectric  to  antiferro- 
electnc  transition  field  is  increased  and  the  induced  ferroelectric  polarization  is  decreased  due  to  'he 
hvsteretic  heating. 


INTRODUCTION 

Ceramics  in  the  Lead  Lanthanum  Zirconate  Titanate  Stannate  antiferroelectnc 
family  have  been  studied  extensively  in  the  past  20  years  for  many  actual  and 
potential  applications  in  energy  conversion.1 ;  More  recently,  field  induced  strain 
and  kinetics  of  the  field-forced  antiferroelectnc  to  ferroelectric  phase  transition 
were  investigated.5  A  large  field  induced  strain  8  x  10 "5)  makes  this  family 
of  ceramics  interesting  for  displacement  transducer  applications.  However,  there 
are  controversies  in  the  literature  regarding  the  kinetics  of  the  phase  switching 
between  the  ferroelectric  and  antiferroelectnc  forms.  A  very  long  time  (up  to  0.1 
Sec  )  was  declared  in  an  earlier  paper  for  the  field  induced  strain.-1  In  contrast,  a 
very  short  antiferroelectnc  to  ferroelectric  switching  (this  switching  will  be  referred 
to  as  forward  switching)  time  ( <  1  p.sec. )  under  high  over  electric  field  was  reported 
in  a  recent  paper.5  However,  in  this  paper.5  the  induced  ferroelectric  back  to  the 
stable  antiferroelectnc  phase  switching  time  (this  switching  will  be  referred  to  as 
the  backward  switching)  was  not  measured.  As  evident  in  the  earlier  work,  the 
forward  switching  time  may  be  improved  dramatically  by  applying  a  large  over 
voltage,  i.e..  an  electric  field  well  above  the  forward  transition  field.  Clearly,  an 
over  applied  electric  field  should  not  improve  the  backward  switching  speed  because 
the  forward  electnc  field  favors  the  ferroelectnc  phase.  Thus,  one  may  expect  a 
different  speed  for  the  backward  switching,  depending  upon  the  reverse  field  ap¬ 
plied. 
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In  this  paper,  we  report  a  technique  tor  measuring  the  speed  of  the  backward 
switching  under  zero  field  and  the  experimental  results  on  three  members  ot 
(Pb.La)(Zr.Ti.Sn)0?  antiferroelectric  ceramics.  These  data  are  important  for  sev¬ 
eral  types  of  actuators.  In  a  later  paper,  we  will  report  the  behavior  under  limited 
reverse  bias  fields. 


CERAMIC  SAMPLES  AND  PREPARATION 

The  ceramic  compositions  chosen  for  study  were: 

( 1 )  Pb0  g-La0  ,>2  ( Zr0  Tin  ou  Sn^  2j)03 

(2)  Pbn  .)-Lun i>2  (Zr,)ej  Tii)  no  S no  23 ) 0 

( - )  Pb,)  n7La0,)2  ( Zr0  53  Tin  is  Sn()  *5  )03 

The  different  compositions  were  made  up  from  reagent  grade  mixed  oxides  The 
calcining  temperatures  were  in  the  range  of  750°C-900°C.  Disks  1"  in  diameter  by 
0.2"  thickness  were  cold  pressed  using  a  small  amount  of  PVA  binder  and  tired  at 
1280°C  in  a  PbO  atmosphere  provided  by  excess  PbZr03  in  closed  containers. 

The  dielectric  hysteresis  loops  of  these  three  compositions  are  displayed  in  Figure 
1.  The  forward  switching  field  En  and  the  backward  switching  field  £._,  are  desig¬ 
nated  in  Figure  1(a).  It  is  observed  that  the  E,a  values  for  all  three  compositions 
are  greater  than  zero.  i.e..  the  antiferroelectric  phase  recovers  before  the  electric 
field  goes  to  zero,  but  the  value  decreases  as  the  composition  changes  from  1 1). 
(2)  to  (3). 


MEASUREMENT  TECHNIQUE 

The  principle  utilized  in  the  measurement  is  to  induce  a  ferroelectric  polarization 
by  applying  an  electnc  field  above  En.  then  to  quickly  release  the  electric  tield  and 
measure  the  current  due  to  the  discharge  of  the  sample  as  a  function  of  time.  The 
block  diagram  for  the  measuring  system  is  shown  in  Figure  2.  The  transistor  used 
was  a  SIPMOS  power  field  effect  transistor  (FET)  with  a  drain-source  break  down 
voltage  of  1000  volts,  a  “on”  resistance  50.  and  a  "turn  on”  time  of  45  nano  seconds. 


FIGURE  l  P-E  hvsteresis  hysteresis  loops  under  AC  tield  trequencv  0  5  Hz.  ta)  composition  1 1)  1 1*  1 
composition  t  2)  and  u')  composition 
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The  oscilloscope  used  tor  the  measurement  was  a  Nicolet  204  A  digital  oscilloscope 
with  a  bandwidth  of  20  MHz.  The  pulse  generator  used  was  a  Hewlett  Packard 
type  214  B  pulse  generator  with  a  rise  time  of  20  nano  seconds.  When  no  voltage 
is  applied  to  the  gate  and  ground  of  the  FET.  the  FET  is  “off*  and  thus  the  applied 
voltage  drops  across  the  sample  to  induce  a  large  ferroelectric  polarization.  When 
the  pulse  generator  is  manually  triggered,  a  square  pulse  is  applied  to  the  gate- 
source  [unction  to  turn  the  FET  "on"  and  the  field  across  the  sample  is  reduced 
to  nearly  zero.  The  discharge,  then,  takes  place  through  the  small  resistor  /?-.  It 
must  be  remembered  that  the  discharge  may  also  take  place  through  the  loop 
involving  the  DC  powder  supply  and  /?,.  However,  since  the  resistance  of  R{  was 
large  compared  to  so  the  current  flow  could  be  neglected.  The  purpose  of 
putting  the  resistor  R-_  in  the  discharging  loop  is  to  damp  the  high  frequency 
piezoelectric  resonance  modes/  After  R:  is  placed  in  the  circuit,  the  area  of  sample 
is  limited  by  the  time  constant  of  the  sample  capacitance  and  the  resistors  in  the 
discharging  loop.  Figure  3  illustrates  this  fact.  Curve  (b)  is  the  discharge  current- 
time  curve  of  composition  ( l ).  The  area  of  the  sample  was  0. 14  cm:  and  the  applied 
rietd  was  ”0  kV  cm.  Curve  (a)  is  the  discharging  current-time  curve  ot  a  linear 
capacitor  charged  to  same  amount  of  charge  under  the  same  applied  voltage. 
Clearly .  the  sample  discharged  slower  and  has  a  second  current  maximum.  Evi¬ 
dently.  the  first  peak  is  due  to  the  discharge  when  the  tield  is  reduced  trom  the 
applied  tield  to  backward  switching  field  R.a  and  the  second  part  is  due  to  the 
backward  phase  switching.  The  shape  of  the  curve  is  very  similar  to  that  ot  forward 
switching. '  When  the  area  of  the  sample  was  reduced,  two  effects  were  observed: 
the  height  of  the  second  maximum  decreased  and  the  time  ot  the  maximum  moved 
toward  the  left.  Apparently,  the  decrease  of  the  height  is  caused  by  the  reduced 
induced  polarization  charges,  and  the  movement  to  the  left  is  due  to  the  decrease 
of  the  RC  time  constant  caused  by  the  decrease  of  the  sample  area. 
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FIGLRE  5  A  comparison  or  discharge  vurrem-ime  cure*  or  -a)  a  charged  ^jpauior  *na  * 
womposmon  « i)  ceramic  >ampie  *ith  area  or  >  ;a  vrrr  The  appiieo  voltage*  :  *  mi  -oitM  ;na  r‘>Mi 
induced  polarization  charges  are  the  vime  tor  ?oth  ceramic  Numple  and  the  linear  capacitor 

However,  when  the  sample  area  was  reduced  to  a  certain  limiting  value,  turther 
decrease  did  not  cause  the  second  current  maximum  to  move  to  the  lett.  but  only 
to  reduce  its  height.  Under  this  condition,  it  may  be  said  that  the  time  constant  in 
the  discharge  loop  no  longer  affects  the  backward  switching  time.  It  was  tor  this 
reason  that  the  areas  of  the  samples  were  kept  under  0.03  cm:  so  that  the  backward 
switching  speeds  of  all  three  compositions  were  not  affected.  The  maximum  allowed 
gate-source  voltage  was  20  volts,  this  value  limited  the  resistance  value  of  Rx  It 
Rx  is  too  large,  the  voltage  across  Rx  may  go  higher  than  the  gate  voltage,  causing 
the  FET  to  turn  "off."  Since  Rx  can  not  be  larger  than  5Q.  minimum  area  below 
0.03  cm:  was  set  by  the  signal-to-noise  ratio. 


EXPERIMENTAL  RESULTS  AND  DISCUSSIONS  ON  (Pb.LaXZr.Ti.SntO- 
ANTIFERROELECTRIC  CERAMICS 

The  backward  switching  currents  of  composition  ( 1 )  tor  three  different  applied 
tields  is  shown  in  Figure  4(A).  Similar  to  that  in  the  earlier  work.”  the  switching 
time  r,  in  this  work  is  defined  as  the  time  at  which  the  current  decreases  to  10'N 
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TIME  luSec.) 


FIGL RE  4  <  A)  Backward  switching  current-time  curve*  ot  composition  1 1 )  tor  ditferent  applied  held* 
u)  53  kv'cm.  ib)  *5  kV  cm  and  to  kV  cm  iB)  Backward  switching  rime  :  vs  the  applied  electric 
rield  ot  composition  t  i ) 


ot  the  value  at  the  second  maximum.  The  switching  time  as  a  tunction  ot  the  applied 
field  is  shown  in  Figure  4(B).  It  is  observed  that  the  switching  time  increases  with 
the  applied  field  and  then  reaches  an  almost  constant  value  at  about  "0  kV  cm. 
When  the  applied  field  is  below  ~0  kV  cm.  the  area  under  the  switching  current¬ 
time  curve,  a  measure  ot  the  total  induced  charges,  decreases  appreciably  with 
decreasing  applied  field.  In  Figure  4(A).  for  example,  the  area  for  an  applied  field 
ot  53  kV  cm  is  significantly  less  than  those  for  higher  applied  tieids.  Accordingly, 
in  Figure  1(a).  the  total  ferroelectric  polarization  is  not  fully  induced  at  53  kV  cm. 
Above  the  field  of  "0  kV  cm.  when  an  amost  constant  switching  time  is  observed 
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in  Figure  4(b),  the  induced  ferroelectric  polarization  may  also  be  expected  not  to 
increase  significantly  with  increasing  applied  electric  field  as  shown  in  Figure  1(a) 
The  initial  increase  and  the  subsequent  "level  off"  of  the  switching  time  with  the 
applied  field  may  be  explained  by  the  sharpness  of  the  forward  transition  field.  In 
Figure  1(a),  the  forward  transition  field  E„  is  not  perfectly  defined  and  distributed 
over  a  field  range  instead.  In  this  field  range,  the  ferroelectric  polarization  is  not 
fully  induced  and  the  ferroelectric  phase  is  not  fully  stabilized.  One  may  image 
that  the  stability  of  the  ferroelectric  phase  increases  with  increasing  applied  field 
and  thus  the  energy  barrier  for  the  recovery  of  the  antiferroelectric  phase  increases 
with  the  increasing  applied  field  within  this  field  range.  As  a  result,  the  switching 
time  increases  with  increasing  applied  field.  When  the  applied  field  is  high  enough 
to  complete  the  antiferroelectric  to  ferroelectric  phase  transition,  further  increase 
,n  the  applied  field  would  not  increase  the  stability  of  the  induced  ferroelectric 
phase  significantly  and  thus  the  switching  time  levels  off  with  increasing  applied 
field. 

The  backward  switching  currents  for  composition  (2)  under  different  applied 
electric  fields  are  shown  in  Figure  5.  The  switching  behavior  is  basically  the  same 
as  that  tor  composition  (L).  But  the  second  maximum  for  this  composition  is  not 
very  distinct  and  therefore  the  switching  time  as  a  function  of  the  applied  field  is 
difficult  to  plot.  It  may  also  be  seen  from  the  figure  that  the  switching  current 
value  goes  to  zero  for  times  greater  10  |j.Sec..  which  is  significantly  longer  than 
that  for  composition  1 1). 

Figure  6  ihows  a  comparison  of  the  switching  current  curves  of  composition  1 1 1 
and  composition  (2).  The  applied  field  for  composition  ( l)  is  ”5  kV  cm  and  o"  k\ 
cm  for  composition  (2).  It  may  be  seen  from  Figure  l  that  under  such  applied  field 
levels,  the  ferroelectric  polarizations  for  both  compositions  are  fully  induced  Since 
the  total  charges  induced  for  two  compositions  are  different  because  the  terro- 


FIGL'RE  5  Backward  ^witching  ..urrent-ttme  curvcb  ot  ..ompoiiuon  (4)  tor  di'terent  applied  tieldb  iai 
43  kV  cm.  ib)  53  kV  cm.  and  (c)  o7  kV  cm 
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FIGURE  6  A  comparison  of  backward  switching  current-time  curves  for  composition  ( 1 )  and  i  Z 1 1  the 
currents  tor  two  compositions  were  divided  by  their  respectively  total  charges  The  applied  tield  tor 
composition  (l)  is  75  kV  cm  and  that  tor  composition  (2)  is  67  kVcm). 

electric  polarization  values  as  well  as  sample  areas  for  the  two  compositions  were 
not  the  same.  The  switching  current  is.  for  the  purpose  of  comparison,  divided  by 
the  total  charge  induced.  It  may  be  seen  that  areas  under  the  switching  current¬ 
time  curves  for  these  two  compositions  are  roughly  equal,  however,  the  switching 
time  for  composition  (2)  is  much  longer.  The  same  measurement  was  also  carried 
out  on  composition  (3).  The  situation  was  even  worse.  The  switching  current  was 
so  spread  out  on  the  time  axis  that  the  real  switching  time  could  not  be  ascertained 
by  the  present  technique. 

In  the  forward  switching,  the  switching  time  decreases  as  the  over  electric  field 
E.ipp - £,,  increases.’  In  the  backward  switching,  on  the  other  hand,  the  switching 
time  may  be  expected  to  increase  as  the  over  electric  field  E,a  (£,<,-0)  decreases. 
Thus  the  increase  of  the  switching  time  as  the  composition  changes  from  (1).  i2) 
to  1 3)  should  be  due  to  the  decrease  in  backward  switching  field  since  the  backwa.d 
switching  field  decreases  from  30  kV  cm.  20  kV  cm  to  5  kV  cm  as  the  composition 
changes  from  (1).  (2)  to  (3).  Clearly,  the  difference  between  the  backward  switching 
field  and  the  zero  field  is  the  driving  force  for  the  recovery  of  the  antiferroelectnc 
phase  from  a  field  induced  ferroelectric  phase  upon  the  release  of  the  applied 
electric  field.  The  higher  the  £ra,  the  larger  the  driving  force  for  the  backward 
switching  and  the  shorter  the  switching  time.  For  composition  (3).  if  the  applied 
field  is  suddenly  reduced  to  a  negative  value,  but  not  too  negative  to  pass  the  E„ 
value  in  the  negative  direction,  the  driving  force  for  the  recovery  of  the  antifer- 
roelectnc  phase  may  be  increased  and  the  switching  time  may  be  shorter. 

The  switching  times  presented  above  were  all  obtained  from  "single  shot."  i.e.. 
the  transition  from  the  ferroelectric  phase  to  the  antiferroelectnc  phase  |ust  oc¬ 
curred  once.  When  the  sample  is  driven  continuously  by  an  AC  field,  the  P-E 
hysteresis  effect  will  generate  heat,  modifying  the  original  switching  behavior. 
Figure  2  sho”  s  the  P-E  hysteresis  loops  under  three  different  AC  field  frequencies. 
Figure  S  shows  the  forward  switching  field  and  backward  switching  field  as  a 
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E  (kV/cm) 


E  (kV/cm) 


£  (kV/cm) 

FIGURE  '  P-E  hvsteresis  loops  under  Jitferent  driving  frequencies  iai  composition  i  li.  ibl  com¬ 
position  1 2)  and  ic)  composition.  v3).  (the  trequencies  are  as  illustrated) 


function  of  the  drivng  field  frequency.  For  all  three  compositions,  the  forward 
switching  field  increases  slightly  with  increasing  driving  frequency,  while  the  back¬ 
ward  switching  field  decreases  slightly  with  driving  field  frequency  up  to  10  Hz  and 
then  increases  with  the  increasing  driving  field  frequency.  For  the  hvsteresis  loops 
of  300  Hz.  the  E,a  values  are  increased  greatly  and  ferroelectric  polarization  values 
decreased  appreciably  with  respect  to  those  of  0.5  and  10  Hz.  Clearly  these  phe¬ 
nomena  can  not  be  explained  by  the  kinetics  of  the  phase  switching.  It  was  observed 
in  the  earlier  work’  that  well  below  room  low  temperature,  this  family  of  antifer- 
roelectncs  transforms  into  terroelectncs.  and  within  the  antiferroelectnc  phase 
temperature  range,  the  transition  fields,  especially  E,a ,  increase  with  increasing 
temperature  under  constant  driving  tield  frequency  (0.1  Hz).  Because  the  hysteretic 
heating  effect  increases  with  increasing  driving  frequency,  the  high  driving  fre¬ 
quency  in  this  work  is  equivalent  to  the  high  temperature  m  the  earlier  work.  Thus, 
the  dielectric  parameters  observed  in  the  high  frequency  dielectric  hysteresis  loops 
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FIGLRE  S  Forward  ^witching  tieid  E„  and  backward  ^witching  Held  Eta  vs  driving  frequencv  i a ) 
composition  (1),  ib)  composition  (2)  and  (c)  composition  (3) 

are  not  the  intrinsic  properties  at  room  temperature.  It  was  also  observed  that  the 
variation  of  the  hysteresis  loop  parameters  with  temperature  was  most  pronounced 
near  to  the  antiferroelectnc  to  ferroelectric  phase  transition  temperature.  Com¬ 
position  (3)  has  the  lowest  E,t  and  E.a  values  compared  with  composition  ( 1)  and 
(3).  thus  its  antiferroelectnc  to  ferroelectric  phase  transition  temperature  may  be 
expected  to  be  more  close  to  room  temperature  than  those  for  composition  (1) 
and  (2).  This  may  be  reason  why  Figure  8(c)  shows  the  most  pronounced  increases 
of  E,a  with  the  driving  field  frequency.  Apparently,  a  slim  loop  antiferroelectnc  as 
suggested  by  Berlincourt  is  preferred  to  overcome  the  hvsteretic  heating  effect  for 
the  continuous  driving  applications.' 
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Associated  Program 

J.H.  Jeng,  X.  Bao,  V.V.  Varadan,  V.J.  Varadan 
Design  and  Analysis  of  PZT/Polymer  1:3  Type  Composites. 


Work  on  this  program  has  been  focused  upon  a  detailed  analysis  of  the  1:3  type 
PZT/Polymer  composite  transducer  interacting  with  a  fluid  medium.  A  finite  element 
analysis  of  the  problem  has  been  carried  out  and  is  reported  in  detail  in  appendices 
38  and  39. 

In  a  second  study,  numerical  simulations  were  compared  to  experimental  data 
from  earlier  published  work  and  from  new  measurements  performed  in  the  Center 
for  Engineering  of  Electronic  and  Acoustic  Materials.  Parametric  studies  involving 
systematic  variation  of  fiber  geometry  and  volume  fraction  are  now  being  completed. 
The  formulation  used  takes  advantage  of  some  new  3-D  piezoelectric  elements 
incorporated  in  the  ANSYS  computational  package  and  represents  a  powerful  new 
design  tool  for  composite  transducers. 
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DESIGN  AND  ANALYSIS  OF  THE  PERFORMANCE  OF  PZT/POLYMER 
COMPOSITE  TRANSDUCERS 


J.H.  Jeng,  V.V.  Varadan  and  V.K.  Varadan 

Center  for  the  Engineering  of  Electronic  &  Acoustic  Materials, 

Department  of  Engineering  Science  and  Mechanics, 

The  Pennsylvania  State  University,  University'  Park,  PA  16802 


SUMMARY 

In  trus  report  we  have  conducted  a  detailed  parametric  study  using  the  finite  element  formuiction 
including  the  effect  of  fluid  loading  for  the  design  of  composite  piezoelectric  transducers  by  varying 
ai  diameter  of  piezoelectric  fibers  relative  to  transducer  thickness  ibi  properties  of  filler  material. 
Results  from  numerical  modeling  were  compared  with  earlier  .composite  samples  prepared  by 
Gururaja  et  al  and  two  new  samples  prepared  at  the  Center.  Very  good  agreement  was  obtained 
between  predicted  and  observed  performance.  Parametric  studies  varying  the  volume  fraction  of  me 
piezoelectric  phase  { inter  fiber  spacing  ),  non-circular  fibers  -  square,  rectangular,  elliptical  as  well 
as  fibers  of  varying  cross=sectional  diameter  such  as  a  conical  frustum  are  being  investigated. 
Resuits  should  be  available  tn  the  next  few  months.  A  new  formulation  that  can  take  advantage  of 
certain  new  3-D  piezoelectric  elements  incorporated  into  ±e  ANSYS  package  are  aiso  under 
development.  A  powerful  tool  has  been  developed  for  computer  aided  transducer  design. 


I.  INTRODUCTION: 


PZT/polymer  composite  materials  have  been  widely  used  in  ultrasonic  applications  due  to 
their  desirable  material  propemes  such  as  high  electromechanical  coupling  and  low’  acoustic 
impedance.  An  ultrasonic  probe  that  has  broadband  performance  and  high  sensitivity  characteristics 
is  considered  in  this  report.  In  order  to  properly  evaluate  the  performance  and  realize  a  good  design, 
•ve  need  both  experimental  verification  and  analvncal  simulation.  The  finite  element  approach  has 
ceen  used  to  simulate  the  vibrations  of  a  composite  disk  containing  piezoelectric  elements  m  the  form 
of  rods.  Tne  detailed  derivation  and  formulation  has  been  reported  before,  and  is  enclosed  again  as 
an  Appendix  to  this  report.  In  these  studies,  the  effect  of  fluid  loading  and  material  camping  was 
considered.  Hie  advantages  of  this  formulation  are  that  1 1)  the  details  of  the  modal  information  for 
different  microstructures  are  given,  (2)  the  effect  of  fluid  loading  on  transducer  performance  can  be 
easily  included  via  the  effective  modal  force  on  the  transducer  face,  y2)  the  effect  of  matching  layer. 


the  electric  impedance,  and  the  internal  losses  are  included  in  the  computation. 

H.  NUMERICAL  RESULTS  AND  DISCUSSIONS: 

The  numerical  results  presented  are  the  normalized  frequency  spectra  and  the  normalized 
electric  conductance  spectra.  In  addition,  the  frequency  constant  is  tabulated  for  different  designs.  As 
mentioned,  the  width  to  the  thickness  ratio  w/t,  is  an  important  factor  in  designing  and  fabricating 
PZT/Polymer  probes.  We  proposed  several  different  microstructures  and  different  host  matrix 
materials  in  the  computation  to  study  this  effect.  In  all  cases  the  fiber  cross  section  is  square.  These 
cases  are 

!  A)  Host  Material  is  Spurr  Epoxy  which  has  acoustic  impedance  as  2.2“  “EQ6  kgm-sec: 

(1).  w/t=  i/10,  (2)  w/t=i/5,  (3)  w/t=i,2.5,  (4)  w/t- 1; 2, 
t3)  Host  Material  is  RE2039/HD3475  which  has  acoustic  impedance  as  3.117*E06  kgm-sec: 

(1).  w/t=l/10,  (2)  w/t=i/5,  (3)  w/t=  1/2.5, 

(A)  Host  Matenal  is  Insulcast  135  which  has  acoustic  impedance  as  4.707*E0 6  kg/m-sec: 

(1).  w/t=l/10,  (2)  w/t=l/5,  (3)  w/t=l/4,  (4)  w/t=I/3. 

As  we  can  see,  these  cases  cover  a  wide  range  of  design  parameters  that  can  be  usee  in  designing 
the  1-3  composite  transducer.  Concerning  the  choice  of  a  host  medium,  for  instance,  we  have 
computed  cases  with  a  low  acoustic  impedance  2.27E06  kg/m-sec,  as  well  as  a  higher  acoustic 
impedance,  4.71E06  kgm-sec.  Most  of  the  commercial  epoxy  which  are  suitable  for  using  as  the 
host  medium  are  located  in  this  range.  Based  on  computations,  we  are  able  to  decide  the  width  to 
thickness  ratio,  the  operating  frequency  and  the  matching  impedance  for  special  purposes. 

Two  tables  are  presented.  Table  I  lists  the  acoustic  properties  of  the  three  host  materials. 
The  Spurr  epoxy  is  an  acoustically  soft  material  and  the  Insulcast  135  is  an  acousncailv  hard 
matenal  in  contrast.  Table  II  lists  the  frequency  constants  for  the  composite  disk  if  operating  in  air 
and  when  operating  in  a  water  medium.  The  water  loading  lowers  the  frequency  constant  by  about 
10  %  and  can  be  considered  as  an  external  damping  effect.  From  Table  n,  it  can  be  concluded  that 
the  higner  the  acousnc  impedance  of  the  host  medium,  the  higher  the  frequency  constant.  It  implies 
that  the  operating  frequency  of  a  transducer  can  be  increased  for  the  same  thickness  of  the 
composite  disk  by  varying  the  acoustic  impedance  of  the  host  medium.  Furthermore,  the  results 
show  that  acoustically  hard  materials  operate  with  a  smaller  w/t  ratio  than  acoustically  soft 
materials  for  getnng  a  clear  thickness  vibranon  mode.. 


Figures  1  to  7  present  the  frequency  spectrum,  which  is  the  transmission  efficiency  vs. 


normalized  frequency.  The  transmission  efficiency  is  denned  as  the  amount  of  acousnc  pressure, 
which  is  generated  by  a  unit  driving  voltage,  radiated  into  the  fluid  medium.  Figures  la,  2a,  and 
3a  present  results  considering  only  the  fluid  loading  effect  while  Figures  lb.2b.  and  3b  present 
results  which  include  both  the  fluid  loading  effect  and  the  material  damping  effect.  For  Scurr 
epoxy,  a  coupled  vibradon  mode  can  be  observed  in  Figure  3  with  w/'t  ratio  equal  to  1/5.  The 
wave  spectrum  was  distorted  and  showed  two  peaks.  Tnus,  the  optimized  w/t  ratio  we  suggest  is 
1/4.5.  For  Insulcast  135,  the  coupled  mode  appears  for  a  w/t  ratio  equal  to  1/3,  see  Figure  7, 
which  is  a  higher  value  than  that  of  Spurr  epoxy.  For  the  same  saw  cut  slot,  w,  the  Insulcast  135 
can  be  fabricated  as  a  thinner  disk  and  realize  a  higher  frequency  constant.  For  RE2039/HD3475. 
the  frequency  spectrum  shows  cnaractensncs  similar  to  the  Spurr  Epoxy  but  with  higner  w/t  ratio, 
as  shown  m  Figure  6. 


The  material  damping  ratio,  c,  is  equai  to  0.06  for  Spurr  Epoxy.  It  is  determined  by 
measuring  the  mechanical  Q  of  the  composite  disk  in  air  which  has  a  value  of  3.4.  From  the 
computation,  the  mechanical  Q  of  the  composite  disk  is  calculated  as  7.06  for  w/t=l/10  by 
considering  only  the  fluid  loading  effect.  The  two  Q  values,  one  for  the  damping  effect  and  the 
other  for  the  fluid  loading  effect,  are  very  close  to  each  other.  This  snows  that  the  fluid  loading  and 
the  material  damping  have  an  equal  effect  on  transducer  performance  and  both  cannot  be  neglected 
in  transducer  design  simulation  programs. 


The  maximum  peak  value  decreases  when  the  w/t  rano  increases,  as  shown  in  Figures  3  to 
7.  It  can  be  interpreted  as  the  strong  coupling  between  the  lateral  vibration  and  tne  thickness 
vibration  as  the  w/t  rano  increases.  We  also  nonce  that  the  lateral  vibranon  results  in  a  distoruon  of 
the  main  spectral  peak.  The  distornon  in  some  cases,  eg.  w/t=  1/5  in  Fig.4,  can  broaden  the 
spectrum,  however,  it  can  also  suppress  the  resonance  band  to  several  resonance  peaks  as  shown 
in  Fig.  3,  5  and  7.  Thus,w'e  can  achieve  an  opnmized  design  by  varying  the  w/t  rano  according  to 
the  matrix  material  to  have  a  broadband  response,  lew  mechanical  Q,  and  a  smooth  spectrum. 

Figures  3  to  13  shovu  the  the  normalized  conductance,  G.  vs  the  normalized  freouenev. 
Figure  9,  reveals  that  the  first  lateral  mode,  ft^,  which  occurs  at  f=1.68,  has  a  very  strong  electric 
coupling.  This  coupling  enhances  the  broadband  charactensncs  in  the  frequency  spectrum.  It 
means  tnat  the  effeenve  coupling  factor  is  enlarged.  However,  the  electric  impedance  of  the 
transducer  is  also  increased. 


IE.  EXPEREvENTAL  RESULTS: 

First  the  numerical  simulation  was  used  to  compare  with  the  results  obtained  by  Gururaja  et 


al  with  relatively  lower  frequency  PZT  -  polymer  composite  transducers.  Sample  #101  of  their 
paper  [1]  has  w=  45mm,  t  =  1.95  mm  and  periodicity  is  1.27  mm.  Tne  volume  fraction  of  PZT  is 
10%.  The  experimental  results  and  the  simulation  values  (  number  in  parentheses  )  agree  quite 
well: 

Thickness  mode  frequency  640  kHz  (  599  kHz ) 

First  lateral  mode  frequency  804  kHz  (813  kHz) 

Second  lateral  mode  frequency  1096  kHz  ( 960  kHz) 

Discrepancies  can  be  attributed  to  inaccuracies  in  the  input  values  of  material  constants  in  the 
computer  program  and  alignment  of  the  PZT  rods. 

Two  new  samples  were  aiso  made.  They  were  composite  disks  made  for  further 
experimental  verification  of  theory.  These  samples  were  fabricated  by  the  dicing  and  filling 
technique  in  which  a  PZT  disk  was  saw-cut  to  resemoie  a  periodic  arrangement  of  pillars  or 
straight  fibers  protruding  from  a  solid  disk,  the  inter  fiber  spaces  was  filled  with  a  polymer  and  die 
solid  base  was  then  machined  off.  Spurr  Epoxy  was  considered  as  the  filling  material.  Its 
longitudinal  and  transverse  wave  velocities  were  measured  ter  be  2060  m/sec  and  1 150  m/sec 
respectively.  Tne  acoustic  impedance  is  2.27E-ri)6  kg/m--S  and  the  density  is  1 100.  kg/rrH 

The  width  or  diameter  of  fiber  (w)  to  thickness  of  the  transducer  (t)  ratio,  w/t,  is  1/10  for 
Sample  1  and  is  1/4.1  for  sample  2.  The  volume  fraction  is  25%  since  the  fiber  diameter  is  equal  to 
the  periodic  mteriiber  spacing.  The  frequency  spectra  measured  in  water,  are  plotted  in  Figures  14 
and  15  for  sample  1  and  2  respeenvely.  The  mechanical  Q  for  the  two  samples  has  the  value  of  3.6 
and  8.4  in  air  and  3.75  and  3.4  in  water.  A  small  distortion  is  noticed  in  Figure  15  due  to  the 
effect  of  the  first  lateral  resonance  mode.  The  experiment  results  show  that  the  composite  disk  has 
good  impedance  matching  with  the  fluid  medium  compared  with  pure  PZT  disk  for  which  the  Q 
value  is  around  30  in  water.  The  measured  frequency  response  also  agrees  very  well  with  the 
predicted  frequency  response  in  Figures  1  and  2  (  note  this  is  for  w/t=l/5,  whereas  sample  has 
w/t*  1/4.1) 


IV.  CONCLUSION: 

In  this  study,  we  have  performed  an  experimental  and  analytical  study  of  composite 
transducer  design.  The  numerical  simulations  were  verified  by  the  experimental  measurement  and 
the  published  data  on  the  literature.  Based  on  the  experimental  analysis,  we  can  gain  practical 
insight  into  manufacturing  difficulties.  Currently  non-availability  of  proper  cutting  technology  for 
ceramics  limits  the  upper  limit  for  the  frequency.  In  this  report,  we  have  presented  two  Tables  and 


fifteen  figures  which  provide  adequate  guidance  for  the  designer  to  design  a  1-3  PZT/epoxv 
transducer  for  different  purposes.  Parametric  studies  varying  the  voiume  fraction  of  the 
piezoelectric  phase  ( inter  fiber  spacing  ),  non-circular  fibers  -  square,  rectangular,  elliptical  as  well 
as  fibers  of  varying  cross=sectional  diameter  such  as  a  conical  frustum  are  being  investigated. 
Results  should  be  available  in  the  next  few  months.  A  new  formulation  that  can  take  advantage  of 
certain  new  3-D  piezoelectric  elements  incorporated  into  the  ANSYS  package  are  also  under 
development.  A  powerful  tool  has  been  developed  for  computer  aided  transducer  design. 
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Table  I.  Material  constants  for  matrix  medium: 


Table  II.  Frequency  Constant: 


Table  !!.  Frequency  Constant  (continued): 


Density  Kg/m3  7670.8 
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Water 
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Fig.  1  Spectrum  of  Transmission  Efficiency  in  Water  for  PZT  Fibers 
Embedded  in  Spurr  Epoxy 
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Fig.  2  Spectrum  of  Transmission  Efficiency  in  Water  for  PZT  Fibers 
Embedded  in  Spurr  Epoxy 
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Spectrum  of  Transmission  Efficiency  in  Water  for  PZT  Fibers 
Embedded  in  Spurr  Eooxy 
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Fig  4  Spectrum  of  Transmission  Efficiency  in  Water  for  PZT  Fibers 
Embedded  in  RE2039/HD3475 
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Spectrum  of  Transmission  Efficiency  in  Water  for  PZT  Fibers 
Embedded  in  RE2039/HD3475 
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Fig.  6  Spectrum  of  Transmission  Efficiency  in  Water  for  P2T  Fibers 
Embedded  in  Insulcast  135 
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Fig.  7  Spectrum  of  Transmission  Efficiency  in  Water  for  PZT  Fibers 
Embedded  in  Insulcast  135 
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APPENDIX  39 


FINITE  ELEMENT  -  EIGENMODE  ANALYSIS  FOR 
THE  DESIGN  OF  1-3  COMPOSITE  TRANSDUCERS 
INCLUDING  THE  EFFECT  OF  FLUID  LOADING 

Jiann-Hwa  Jeng,  Xiaoqi  Bao,  Vasundara  V.  Varadan  and  Vijay  K.  Varadan 
Research  Center  for  the  Engineering  of  Electronic  and  Acoustic  Materials 
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University  Park,  PA  16802 

Abstract 

A  finite  element  -  eigenmode  analysis  is  presented  for  analyzing  the  dynamic  performance  of  a 
composite  transducer  interacting  wi'h  a  fluid  medium.  The  composite  transducer  contains  a 
periodic  distribution  of  piezoelectric  rods  forming  a  1-3  composite.  The  mathematical  model 
proposed  reduces  the  boundary  value  problem  to  a  typical  forced  vibration  problem.  Thus,  the 
damping  of  the  composite  slab  can  be  easily  introduced  into  the  formulation.  Based  on  the 
analysis,  the  resonance  spectrum  and  the  electrical  admittance  spectrum  are  calculated.  The 
analysis  can  be  used  to  simulate  transducer  performance  under  fluid  loading  and  becomes  a 
powerful  design  tool. 

I.  Introduction 

The  analytical  problem  of  the  response  of  a  piezoelectric  plate  in  contact  with  water  to 
applied  stresses  or  voltage  is  analogous  to  the  problem  of  acoustic  wave  interaction  with  a 
fluid-loaded  anisotropic  plate.  Both  problems  are  of  considerable  practical  importance  and  have 
been  solved  by  several  different  mathematical  techniques,  ror  instance,  many  authors  have 
developed  a  complete  procedure  for  obtaining  analytical  solutions  for  thin-or  multi-layered  plates 
immersed  in  a  fluid  medium,  provided  that  each  layer  is  isotropic.  This  solution  has  many 
applications,  such  as  impedance  matching  layer  design,  quarter  wave  transformer  design  etc.[l]. 
Recently,  piezoelectric  composite  materials  have  been  widely  used  due  to  their  desirable  material 
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properties  such  as  high  electromechanical  coupling  and  low  acoustic  impedance  [2-4],  These 
advantages  are  of  value  in  ultrasonic  applications.  Due  to  their  high  electromechanical  coupling 
and  good  impedance  matching  with  water,  piezo-composite  material  have  been  considered  for 
acoustic-wave  absorbing  purposes  as  well  as  in  transducer  design.  For  these  composite 
transducers,  the  problem  is  further  complicated  by  the  strong  coupling  of  the  fields  at  the 
interface.  Analytical  solutions  are  not  available  for  composite  slabs  having  arbitrary 
microstructure  which  in  this  case  is  also  anisotropic.  In  order  to  properly  describe  the  dynamic 
properties  of  the  transducer  in  the  presence  of  fluid  loading,  a  numerical  approach  is  necessary. 

In  references  [5-8],  a  finite  element  analysis  has  been  presented  for  the  fluid-structure 
interaction  problem  of  a  single,  isotropic  and  homogeneous  body  immersed  in  a  fluid.  The 
vibrations  of  a  composite  disk  containing  piezoelectric  elements  in  the  form  of  rods  have  been 
studied  by  some  authors  [9,10]  using  a  finite  element  approach.  In  these  studies,  the  effect  of 
fluid  loading  was  not  considered  and  further  the  analysis  was  restricted  to  a  study  of  the 
eigenmodes  of  vibration.  Other  than  the  finite  element  analysis,  electrical  equivalent  circuits  have 
also  been  used  to  evaluate  a  piezoelectric  resonator.  Smith  et  al.[ll]  treated  the  1-3  type  of 
composite  as  a  transmission  line  model  to  study  the  transmitting  and  receiving  sensitivity.  The 
material  parameters  in  their  model  were  determined  by  fitting  the  electric  impedance  curve 
measured  near  the  thickness  resonance  with  one  face  of  the  composite  disk  in  water.  Ih  et  al.[12] 
extended  the  model  in  terms  of  five  effective  parameters  with  consideration  of  internal  losses. 
Again,  these  effective  model  parameters  were  obtained  from  experiments.  In  their  simulation,  a 
sample  should  be  properly  fabricated  to  specification  and  the  requisite  measurements  have  to  be 
made.  Thus,  these  methods  cannot  be  used  for  transducer  design. 

Recently,  Angel  and  Achenbach  [13,14]  studied  the  reflection  and  transmission  of  elastic 
waves  by  a  periodic  array  of  cracks.  Due  to  the  periodicity  of  the  geometry,  only  a  typical 
element  of  the  solid  which  contains  half  of  a  single  crack  is  considered  in  their  calculations. 
Varadan  et  al.  [15]  have  developed  an  analytical  approach  for  the  transmission  and  reflection 
study  of  SH  waves  incident  on  a  bimaterial  slab,  inside  which  identical  cylinders  with  parallel 
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orientation  (axes  parallel  to  the  surface)  are  periodically  distributed.  The  approach  is  based  on 
Fourier-Bessel  expansion  and  T-matrix  technique. 

Both  these  approaches  could  be  applied  to  the  problem  at  hand,  but  are  limited  to  isotropic 
microstructure.  Arbitrary  geometry  of  the  substructure  necessitates  an  approximation  for  the 
shape  and  field  representation.  As  mentioned  above,  to  properly  describe  the  microstructure  and 
to  simplify  the  computation  for  various  problems,  a  finite  element  technique  combining  the 
eigenmode  expansion  analysis  is  introduced.  The  advantages  of  this  method  are  that  (1)  the 
details  of  the  modal  information  for  different  microstructures  are  given,  (2)  the  computation  of 
the  eigenmode  expansion  technique  is  a  standard  procedure  and  can  be  easily  applied,  (3)  the 
effect  of  the  matching  layer  and  the  internal  losses  are  included  in  the  computation  without  any 
further  modification. 

In  the  formulation,  the  boundary-value  problem  of  wave  interaction  with  a  solid  structure 
can  be  recast  as  a  typical  forced  vibration  problem.  The  damping  effect  can  then  be  automatically 
included  in  the  dynamic  equation  [16].  Due  to  the  periodicity  of  the  structure,  the  mathematical 
model  is  further  simplified  by  employing  Roquet's  theorem  and  symmetric  boundary  conditions. 
Representing  the  field  with  suitable  eigenmodes  and  imposing  appropriate  boundary  conditions 
on  the  interfaces,  eigenmodes  and  eigenfrequencies  can  be  computed.  Since  the  dynamic 
equation  is  well  defined,  the  method  of  solution  is  simple. 

II.  Formulation  of  the  Problem 

The  geometry,  as  shown  in  Fig.l,  has  three  regions  in  which  the  fields  need  to  be 
described.  The  composite  disk,  namely  region  (HI),  separates  the  infinite  homogeneous  medium 
into  two  regions,  (I)  and  (II),  thus  forming  the  two  planar  interfaces  Sj  and  S[j.  The  composite 
slab,  considered  here,  contains  a  periodic  array  of  rods  made  of  a  piezoelectric  material  which  are 
embedded  in  rubber.  The  period  of  the  array  is  2a  and  2b  in  the  x-  and  y-  directions  respectively. 

(a)  Mathematical  Model 

The  composite  slab  in  region  III  is  characterized  by  using  the  finite  element  analysis.  For 
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an  elastic  medium,  a  discrete  model  for  vibration  analysis  is  set  up  as  follows: 


(  K  -  icaC  -  or  M )  U  =  F  (l) 

where 

K  -  is  the  stiffness  matrix, 

C  -  is  the  damping  matrix, 

M  -  is  the  mass  matrix, 

U  -  is  the  displacement  vector,  and 
F  -  is  the  force  vector 

By  solving  a  homogeneous  undamped  system  with  appropriate  boundary  conditions: 

(  K  -  co2  M )  d  =  0  (2) 

we  obtain  the  eigenvalues  and  eigenvectors  which  describe  the  normal  modes  of  the  system. 
Thus,  we  have 


Eigenvalues  0)  j  <  co  i  < 

Eigenvectors  d  ^  ,  d  2  , 

and  the  eigenvectors  satisfy  the  orthogonality  relation 


J  ipdjdV- 


0,  i*j 
l  i=j 


<  an 
>  ^  n 


(3) 


Based  on  the  modal  analysis,  namely,  the  normal  mode  summation  method,  the  displacement  of 
the  structure  under  forced  excitation  is  represented  by  the  sum  of  a  finite  number  of  normal 
modes  of  the  system  multiplied  by  the  generalized  coordinates.  The  displacement  field  can  then 
be  expanded  as 

n 

o-2^  (4) 

i  =  1 

with  unknown  weighting  The  summation  is  truncated  to  the  first  N  terms  for  numerical 

purposes.  Substituting  Eq.  (4)  into  Eq.  (1)  and  using  the  orthogonality  condition  Eq.  (3),  the 

equations  of  motion  can  be  uncoupled  into  'N"  algebraic  equations.  Thus,  we  have 

(  Q)?  -  2i  q.coco.  -  co2  )  q.  =  f.  (5) 

where  is  the  modal  damping  ratio;  fj  is  the  effective  force. 
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(b)  Piezoelectric  Phase 

In  many  practical  problems,  due  to  the  enormous  difference  in  the  speed  of  propagation  of 
elastic  waves  and  electromagnetic  waves,  the  quasi-static  approximation  is  made.  Usually  the 
frequencies  relevant  to  elastic  waves  in  solids  or  acoustic  waves  in  fluids  are  less  than  10  MHz. 
At  these  frequencies,  the  wavelength  of  electromagnetic  waves  is  quite  large  and  it  is  reasonable 
to  assume  that  the  electric  field  is  a  quasi-static  field  [17].  It  is  important  that  the  distinction 
between  static  and  quasi-static  is  retained.  In  the  quasi-static  approximation,  a  constitutive 
equation  is  derived  in  invariant  form  relating  the  stress  and  strain  tensors  that  includes  the 
piezoelectric  coupling  coefficients. 

Hence,  for  a  piezoelectric  material,  the  stiffness  matrix  K  can  be  formulated  as  that  of  a 
elastic  solid  by  substituting  the  stiffened  elastic  constants  which  include  the  piezoelectric  coupling 
effect  [18].  This  simplification  is  valid  for  the  case  in  which  the  piezoelectric  material  is  shaped 
as  a  long  rod  [17].  Thus,  elements  listed  in  the  ANSYS  library  [19]  can  be  used  to  describe  the 
behavior  of  the  piezoelectric  phase. 

Next ,  we  should  consider  the  discretization  of  the  equation  for  a  piezoelectric  material.  A 
further  simplification  can  be  made  when  the  piezoelectric  material  is  fabricated  into  a  long-bar 
shape  which  satisfies  a  constant  D-field  approximation.  In  such  approximation,  the  D-field  along 
the  z-axis  of  a  PZT-  bar  is  constant  as  shown  in  Fig.2.  The  D-field  which  is  proportional  to  the 
charges  distributed  on  the  electrodes  is  represented  as 

Dx=0,  Dy  =  0,  Dz=  =>  D=  y*  Q  (6) 

By  using  the  constitutive  equations  of  a  piezoelectric  material  which  have  the  form  as 

T  =  C°S-hD 

E  =  h*  S  +  pS  D  (7) 

and  applying  a  variational  principle,  a  discrete  finite  element  equation  for  the  long-bar 
piezoelectric  material  can  be  expressed  as 
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(8) 


( K°-  icoC  -  orM )  U  =  PQ  +  F 


V  =  -  P'U  +  Q 

% 


where 


=  J  B'  h  yD  dV 

g-=  J  %  P%D<iV 


CD  is  the  elastic  constant  with  D-constant;  h  is  the  piezoelectric  coupling  constant  and  6s  is  the 
constant  strain  dielectric  constant. 

By  using  the  orthogonality  condition  of  the  normal  modes  representation,  Eqs.(3),  (4), 
Eq.  (8)  can  also  be  uncoupled  into  a  group  of  algebraic  equations.and  is  expressed  as 


Q  q  =  X  Q  +  D*.  F 


V  =  -X*  q  + 


(9) 


where  Dej  are  the  eigenvectors,  further 

Q.  =  cor  -  2  i  q.co  co.-  co2  ;  X=  D*.  P  (10) 

i  i  mi  ’  ei  v  ' 

where  co  is  the  operating  frequency:  o\  is  the  eigenvalue;  and  q  is  die  modal  damping  ratio. 

(c)  Effect  of  Fluid  Loading 

The  effect  of  the  fluid  loading  can  be  formulated  as  pan  of  the  exciting  force  acting  on  the 
transducer  surface  which  is  the  F  term  as  shown  in  Eq.(7).  Due  to  the  periodicity  and  symmetry 
of  the  substructure,  only  a  portion  of  the  composite  slab  needs  to  be  considered.  As  shown  in 
Fig.  3  the  unit  cell  contains  one  quaner  of  the  rod  which  is  of  dimension  'a'  and  'b'  along  the  x- 
and  y-  axis  respectively.  This  domain  will  be  described  by  the  finite  element  approximation.  The 
normal  displacements  on  the  x=0,  x=a,  y=0,  and  y=b  plane  are  equal  to  zero  due  to  the  four  fold 
symmetry  in  the  geometry. 
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In  regions  I  and  II,  the  field  must  be  represented  by  a  periodic  function  in  the  x-y  plane 
due  to  the  periodic  distribution  of  the  rods  in  the  composite  disk.  Floquet  theorem  is  used  to 
describe  periodicity  in  terms  of  the  Floquet  modes  [15]  and  is  given  as 

W^StA^e'^ e*-*  c*’’0’  (11a) 

mn 

where 

™  +  k  s>n  9*  (Hb) 

+  k  sin  9y  (He) 

and 

k  =  ^  /  (m>2 - (k  )2-(k  )2  (lid) 

zmn  V  v  c '  im;  v  yn7  v  7 

where  'c'  is  the  acoustic  speed  in  water. 

Employing  the  Floquet  condition  for  the  field  radiating  into  the  infinite  regions  I  and  II,  the 
total  geometry,  region  HI,  is  broken  up  into  an  infinite  number  of  unit  cells  with  a  length  2a 
along  the  x-  axis  and  a  length  2b  along  the  y-  axis.  Eq.  (6)  can  be  modified  further  and  has  the 
form 

W™  =Amn  cos  (km  x)  cos  (kyn  y)  e‘ (Kam  Z' ^  (12) 

There  is  a  cutoff  frequency  for  this  periodic  substructure 

x».rr=Ti_  =  Max(2a4b)  (13) 

cue  of! 

The  cutoff  frequency  is  a  function  of  geometry  of  the  substructure  and  is  an  important  design 
factor.  Whether  a  mode  Wmn  can  propagate  or  not,  depends  on  the  value  of  kzmn.  If  the  value  is 
real,  then  Wmn  is  a  propagating  mode,  otherwise,  Wmn  is  a  decaying  or  evanescent  mode. 

Defining  a  set  of  functions  ymn  in  the  form  as: 

Ymn  =  c°s  ( km  x)  cos  (  k^  y)  (14) 

the  displacement  field  U i  and  the  radiating  pressure  field ,  Pr  in  region  I  are  represented  as 
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r 


^1  ^mnl  Vmne 


1 


mn 


^  ~  C^ITtn  ^mn  ^ 


*  kannZ 


(15) 


(16) 


mn 


The  radiating  pressure  field  is  the  acoustic  pressure  on  the  surface  due  to  vibrations  of  the  elastic 
body. 

In  region  II,  the  displacement  field  U2  and  the  transmitted  pressure  field  Pc  have  the  same 
form  as 


U2  ^  Djnn2  e 
mn 


1  fcrrrsn  2 


l3  —  ^  Pmn  Vmn  ® 
mn 


(17) 


(18) 


As  we  know,  either  the  displacement  field  or  the  pressure  field  is  enough  to  describe  the  infinite 
fluid  medium.  The  set  of  unknown  coefficients  in  both  displacement  and  pressure  fields  are 
related.  Based  on  the  displacement-pressure  relation 


d*V  _ 


p  *» 


=  - VP 


(19) 


the  dependence  of  the  unknown  coefficients  in  Eqs.  (15),  (16)  and  in  Eqs.  (17),  (18)  are 
obtained  as 


PCOC™ 

Pmn  =  *  ^mn2  P^^nui 

Pmn  =  1  ^*(^2 


(20) 

(21) 

(21) 


where  Cm?i  is  the  velocity  of  the  m-n  th  mode. 

The  unknown  coefficient  can  be  computed  by  matching  the  boundary  condition  across  the 
interface  which  require  the  normal  displacements  to  be  continuous.  For  computational 
convenience,  the  surface  field  represented  in  a  normal  mode  expansion  is  transformed  to  the 
Fourier  series  representation  as  follows 

»  XX  Amni  qi  W  (22) 

mn  i 
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where  Amnj  are  Fourier  expansion  coefficients.  Thus 


D-  =  X  X  Almni  fll 


miu 


(23) 


rm  1 


and 


“™,=  S-^iAlmniP010. 


(24) 


Here,  we  have  assumed  that  the  pressure  field  radiates  only  into  region  I  because  only  one  side 
of  the  transducer  is  acrive.  The  modal  pressure  field  is  defined  as 


D  .  F  = 


si 


d.  /r?  P  dS 

i  (On  SI) 


(25) 


and  can  be  rewritten  as  the  known  Fourier  expansion  coefficients  Amnj  and  the  unknown 

weighting  coefficients  q[  as  follows: 

D*.  F  =  Y  q.  Z.. 

e>  nj  >j 

i 

=  _^PC0<^nui  ^mn  ^mni  ^mnj  ^6) 

l  mn 

^mn  *s  normalized  constant 


IE.  Method  of  Solution 

The  model  used  for  computation  was  a  disk  with  diameter  D  »  X  (wavelength),  so  it  can 
be  thought  of  as  an  infinite  slab  in  the  x-y  plane.  Thus,  it  can  be  broken  up  into  an  infinite 
number  of  unit  cells  and  the  plane  wave  field  can  be  represented  in  terms  of  the  Floquet  modes. 

The  eigenmodes  for  the  computations  can  be  obtained  by  the  finite  element  analysis.  The 
finite  element  package  ANSYS,  installed  in  a  VAX  1 1/780  was  chosen  for  the  this  purpose.  The 
reasons  for  using  this  package  are  as  follows.The  ANSYS  uses  a  Householder  procedure  to 
solve  the  problem  of  free  rigid  body  motion.  Due  to  the  symmetric  boundary  condition  in  our 
problem,  we  require  rigid  body  motion  only  in  the  z-  direction.  Also,  ANSYS  allows  us  to 
define  a  damping  ratio  q  for  a  material  dependent  damping  constant  in  the  modal  analysis.  Thus, 
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an  effective  damping  ratio,  qt,  based  on  a  material  weighted  strain  energy  average  for  each  mode 
is  calculated  as. 


m 


where  Em‘  and  are  the  strain  energy  and  damping  ratio  for  the  m1*1  element  in  the  i*  mode 
respectively.  The  ^  obtained  from  Eq.  (29)  is  in  fact  the  modal  damping  ratio  described  in 
Hq.  (9). 

The  '3-D  anisotropic  solid  element'  [19]  was  chosen  to  model  the  solid  structure.  The 
behavior  of  an  element  is  defined  by  eight  nodal  points  each  of  which  has  three  degrees  of 
freedom:  translation  in  the  x,  y,  and  z  directions.  In  all  the  computations,  66  elements  with  124 
nodal  points  are  used  to  mesh  a  symmetric  quadrant  of  the  unit  cell. 

In  real  applications,  it  is  important  to  know  the  transmitting  sensitivity  of  a  projector  and 
the  receiving  sensitivity  of  a  sensor.  In  order  to  evaluate  the  transmitting  sensitivity,  a  voltage  of 
fixed  amplitude  is  applied  to  the  transducer.  For  a  given  voltage  supply  ,  using  Eq.(26),  Eq.(9) 
can  be  rewritten  as 


(£ii+zij-xixjc0)qrxiq)v  (27) 

Q  =  C0V  +  XjqjC0  (28) 

the  only  unknown  shown  in  Eq.(27)  is  qj  and  can  be  easily  solved.  While  qj  is  given,  the  charge 
distribution  Q  can  be  calculated  from  Eq.(28). 

IV.  Numerical  Results  and  Discussion 

The  numerical  results  presented  are  the  resonance  spectrum  and  electric  conductance 
spectrum  of  a  disk. 

To  assess  the  feasibility  of  the  numerical  formulation,  we  first  consider  the  simple  case  of 
a  uniform  isotropic  steel  plate  immersed  in  an  infinite  fluid  medium.  The  calculations  were  made 
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to  examine  the  effect  of  the  fluid  loading  with  a  normal  incoming  acoustic  wave  acting  on  the 
plate.  The  steel  plate  has  longitudinal  wave  velocity  Vp  =  5220  m/sec  and  thickness  h=5  cm, 
thus,  the  first  thickness  mode  occurs  at  52.2  KHz.  The  reflection  coefficient  and  transmission 
coefficient  are  plotted  versus  frequencies  in  Fig.  4.  In  this  figure,  both  the  numerical  results  and 
exact  results  are  plotted.  The  reflection  coefficients,  approach  unity  below  the  first  thickness 
mode,  52.2  KHz,  due  to  the  high  impedance  mismatch  at.rhe  water-steel  interface.  The  damping 
of  the  steel  is  neglected  in  the  computation  for  comparison  purposes.  The  data  shows  that  these 
two  results  agree  with  each  other  exactly.  The  comparison  is  a  good  indication  of  the 
appropriateness  of  the  numerical  approach. 

Based  on  the  simulation,  the  performance  of  two  different  disks  will  be  presented.  One  is 
the  pure  PZT-5  disk,  the  other  is  the  1-3  composite  disk.  For  the  second  case,  spurrs  epoxy  was 
considered  as  the  filler  matrix.  Its  longitudinal  and  transverse  wave  velocities  were  measured  to 
be  2060  m/sec  and  1 150  m/sec  respectively. 

Figure  5  presents  the  resonance  frequency  spectrum,  i.e.  the  transmission  efficiency  vs. 
frequency  for  both  the  pure  PZT  and  composite  PZT  disks,  which  are  driven  with  the  same 
voltage  and  radiate  acoustic  waves  into  the  water.  The  solid  line  in  the  figure  is  for  the  PZT-5 
disk.  It  shows  that  the  pure  disk  transducer  has  a  very  high  Q  factor  compared  with  the 
composite  transducer.  We  can  see  that  the  amplitude  value  near  the  resonance  are  close  for  both 
cases.  We  can  infer  from  this  result  that  the  composite  transducer  has  similar  transmission 
efficiency  as  the  pure  PZT  disk  under  the  fluid  loading  condition.  We  also  notice  that  the  lateral 
vibration  results  in  little  distortion  of  the  main  broadband  signal  in  the  composite  transducer. 

Figures  6  and  7  show  the  real  and  imaginary  pan  of  the  conductance  curve  respectively. 
Both  figures  are  in  general  agreement  with  the  known  behavior  of  a  pure  PZT  disk  under  fluid 
loading. 

V.  Conclusions 

Based  on  the  theoretical  derivation  and  the  computed  results,  it  is  concluded  that  this 
technique  is  capable  of  solving  a  problem  involving  complex  geometry  and  material  anisotropy. 


ll 


In  addition,  the  analysis  provides  detailed  mode  information  describing  the  composite  disk.  This 
information  contributes  to  the  understanding  of  the  mechanisms  of  wave-material  interaction. 
With  the  basic  understanding  of  the  wave  motion  and  vibrations  in  the  piezoelectric  structure,  it  is 
possible  to  optimize  the  design  of  transducers  for  specific  purposes.  The  damping  effect  also  has 
been  introduced  in  the  normal  mode  expansion  analysis.  As  a  conclusion,  the  analysis  can  be 
used  to  simulate  transducer  performance  under  fluid  loading  and  becomes  a  powerful  design 
tool. 
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Figure  Captions 


Figure  1.  Geometry  of  the  problem 


Figure  2.  Constant  D  field  along  Z-axis. 


Figure  3.  Symmetric  boundary  conditions  for  a  unit  cell 


Figure  4.  The  reflection  coefficient  vs.  Frequency,  Hz, _ and  the  transmission 

coefficient  vs.  Frequency,  Hz, . for  steel  slab  immersed  in  water. 


Figure  5.  Transmission  efficiency  vs.  frequency;  Solid  line  is  for  the  pure  PZT-5  disk,  dash  line  is 
for  the  1-3  composite  disk. 


Figure  6.  Admittance  curve  (solid  line)  and  susceptance  curve  (dot  line)  Vs.  frequency  for  pure 
PZT-5  disk. 


Figure  7.  Admittance  curve  (solid  line)  and  susceptance  curve  (dot  line)  Vs.  frequency  for  1-3 
composite  disk. 
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Boundary  conditions: 

(Normal  displacement  equals 
to  zero  at  four  side  walls) 
Ux=0,  at  X=0  and  X=a 
Uy=0,  at  Y=0  and  Y=b 


Figure  3.  Symmetric  boundary  conditions  for  a  unit  cell 
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Figure  4.  The  reflection  coefficient  vs.  Frequency,  Hz,  _ _ _ 

coefficient  vs.  Frequency,  Hz,  -------  for  steel  slab  immersed  in  water. 
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Figure  5.  Transmission  efficiency  vs.  frecjucncy;  Solid  line  is  for  the  pure  PZ.1  -5  disk,  dash  line  is 
for  the  1-3  composite  disk. 


